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(This  abstract  is  Unclassified) 
ABSTRACT 


Pyrolytic  graphite  coatings  have  been  found  to  be  highly  erosion 
resistant  under  severe  rocket  nozzle  conditions.  The  objective  of  this 
program  was  to  demonstrate  the  feasibility  of  such  coatings  for  nozzles  up 
to  2.3-lnch  diameter  in  firings  at  700  psi  with  a  6550*F  propellant.  This 
objective  was  accomplished. 

Stress  analyses  and  thermal  analyses  were  carried  out  in  support 
of  the  design,  fabrication,  and  motor  testing  of  nozzles  of  both  1.1-inch 
and  2.3*'inch  diameter.  Thermal  analysis  indicated  the  potential  of  pyrolytic 
graphite  coatings  for  lightweight  nozzle  designs.  The  results  of  the  stress 
analyses  for  coated  composites  were  correlated  with  experimental  evidence  of 
delamination  cracking  in  the  coatings.  Critical  stress  levels  were  identi¬ 
fied  for  both  radial  tension  in  the  coating  and  axial  tension  in  the  substrate. 
The  deposition  process  was  improved  to  produce  crack- free  coatings  50-mll 
thick  on  conventional  graphite  substrates  and  100-mil  thick  oh  a  fibrous 
graphite  substrate. 

Nina  motor  firing  tests  were  made  and  good  performance,  was  demon¬ 
strated  with  both  subscale  and  full-scale  nozzles.  The  presence  of  micro¬ 
scopically  observed  delamination  cracks  was  found  to  destroy  the  integrity 
of  pyrolytic  graphite  coatings  during  nozzle  service.  For  coatings  without 
major  cracks  coating  integrity  was  achieved,  however,  and  erosion  rates  of 
acceptable  magnitude  were  measured  for  subscale  nozzles  for  durations  up  to 
about  40  seconds.  In  full-scale  nozzles  satisfactory  erosion  rates  were 
measured  for  firings  of  durations  up  to  60  seconds.  Optimization  of  the 
coating  to  provide  minimum  erosion  rates  should  result  in  still  further 
performance  Improvements. 

To  test  the  restart  capability  of  pyrolytic  graphite  coated  nozzles, 
one  subscale  insert  was  re-fired  successfully  as  an  added  task  to  the  original 
program.  This  added  task  is  described  completely  in  the  Addendum  at  the  end 
of  the  report.  Performance  was  completely  normal  and  no  cracking  or  delamina¬ 
tion  occurred.  Pyrolytic  graphite  coated  nozzles  should  be  considered  as 
good  candidates  for  multiple  firing  cycle  requirements. 
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1.0  INTRODUCTION 


Pyrolyt'*c  graphite  is  a  unique  form  of  graphite  produced  by  vapor 
deposition  of  carbon  from  a  carbonaceous  source  gas  on  a  heated  substrate.  It 
exhibits  excellent  erosloti  resistance  when  used  in  uncooled  nozzles  for  solid 
propellant  rockeu  motors.  Its  high  density,  essentially  zero  permeability, 
and  complete  absence  of  a  binder  phase  are  believed  to  explain  this  exceptional 
serviceability.  Subscale  rocket  motor  tests  of  pyrolytic  graphite  coated 
nozzles  of  l/2-iiich  throat  diameter  carried  out  previously  at  Atlantic  Research 
Corporation  have  shown  that  consistently  good  performance  can  be  achieved  in 
nozzle  service  with  propellants  having  flame  temperatures  from  5600^F  to 
6550  F.  (Ref.  1)  The  higher  the  flame  temperature  and  the  motor  operating 
pressure,  the  higher  the  eros^sn  rate  observed  for  pyrolytic  graphite.  To 
illustrate  the  high  erosion  resistance  of  pyrolytic  graphite  coatings,  1/2- 
inch  diameter  nozzles  fired  with  6550^  propellant  have  shown  average  erosion 
rates  of  the  order  of  O.5  mll/sec  at  JOO  psl  motor  pressure.  Limited  tests 
with  1-inch  diameter  nozzles  with  a  6000°F  propellant  have  also  shown  low 
erosion  rates  but  the  problems  of  scale-up  have  not  been  previously  investi¬ 
gated  sufficiently. 

The  lowest  chemical  reactivity  can  be  achieved  by  using  pyrolytic 
graphite  as  a  coating  so  that  the  layer  plane  surfaces  are  exposed  to  the  pro¬ 
pellant  combustion  gas  environment.  However,  to  use  the  coating  orientation, ' 
the  difficulties  and  problems  involved  in  maintalng  coating  integrity,  which 
are  common  to  all  coating  systems,  must  be  accepted  and  solved.  Tlie  aniso¬ 
tropic  properties  of  pyrolytic  graphite  make  the  problem  of  maintaining  coating 
integrity  more  severe  than  usual.  Residual  stresses  are  unavoidably  built 
into  the  coating  during  the  deposition  process.  The  exposure  of  a  pyrolytic 
graphite  coating  to  the  thermal  shock  conditions  of  nozzle  service  may  also 
lead  to  coating  compromise. 

To  circumvent  the  problems  of  maintaining  coating  integrity,  many 
nozzle  designers  have  resorted  to  the  use  of  edge-oriented  pyrolytic  graphite 
in  the  form  of  stacked  discs  or  washers.  However,  depending  upon  the  heat 
sink  capacity  of  the  nozzle  design  and  the  severity  of  the  service  conditions, 
it  has  been  found  that  edge-oriented  pyrolytic  graphite  erodes  up  to  several 
times  faster  than  a  good  coating  of  pyrolytic  graphite.  A  pyrolytic  graphite 
coating  is  a  good  thermal  insulator  and  coated  nozzle  inserts  do  not  depend 
upon  heat  sink  capacity  to  perform  satisfactorily.  Thus,  a  pyrolytic  graphite 
coated  nozzle  can  be  designed  for  minimum  volume  and  minimum  weight.  The 
potentieQ.  exists,  therefore,  using  pyrolytic  graphite  coatings,  to  prepare 
a  nozzle  of  superior  performance  capabilities  as  well  as  minimum  weight. 

Previous  work  has  been  carried  out  to  evaluate  pyrolytic  graphite 
coatings  made  by  several  suppliers  (e.g..  Ref.  2  and  3);  ^ut  no  definitive 
and  systematic  study  of  the  feasibility  of  pyrolytic  graphite  coated  nozzles 
of  reasonable  size  and  for  severe  motor  operating  conditions  has  been  reported. 
Such  a  feasibility  demonstration  was  the  principal  objective  of  this  program. 
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To  Investljute  the  feaalbillty  and  the  performance  capabilities 
of  pyrolytic  graphite  coated  nozzles  for  solid  propellent  rocket  motors 
operating  under  severe  conditions,  the  current  progre  ■  '"onslsted  of  the 
detailed  analysis,  fabrication^nnd  motor  testing  of  a  group  of  nozzles  with 
an  advanced  propellant  of  6550  F  flame  temperature.  Five  suoscale  nozzles 
of  1.1-lnch  nominal  throat  diameter  for  an  1100-lb  thrust  motor  and  four 
fullscale  nozzles  of  2.3-lnch  nominal  throat  diameter  for  a  4600"lb  thrust 
motor  were  fabricated  and  motor  tested.  The  preparation  of  the  coated 
nozzle  inserts,  the  fabrication  of  the  test  nozzles,  and  the  rocket  motor 
test  of  these  units  were  all  carried  out  at  the  facilities  of  the  Atlantic 
Research  CorjKjration.  This  report  describes  in  detail  the  work  carried 
out  and  the  results  achieved  in  this  program. 
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2.0  SU^MARY  AND  CONCLUCIONG 

The  prlncipnl  objective  of  this  progrtun  wau  to  demonstrate  the 
feasibility  of  pyrolytic  graphite  coatings  for  uncouled  noz;4le  service  under 
severe  operating  conditions.  Based  on  prior  work  in  the  fiolt^.,  it  was 
apparent  that  a  pyrolytic  graphite  coating  represented  a  hig.ily  erosion 
resistant  nozzle  material.  The  utilization  of  this  material,  however, 
required  a  demonstration  that  coatings  of  suitable  quality  and  Integrity 
could  be  prepared  and  could  perform  successfully  In  rocket  motor  firings. 

To  accongpllsh  this  objective,  both  thermal  and  stress  analyses 
were  coiqpleted  to  aid  in  the  design  of  the  test  nozzles  and  to  aid  in  the 
understanding  of  their  behavior  during  tests.  Deposition  studies  were  carried 
out  to  demonstrate  that  suitably  coated  inserts  could  be  prepared  for  fabri¬ 
cation  of  test  units  for  the  motor  firing  progrfun.  Rocket  motoj  tests  of 
both  subscale  and  fullscale  nozzles  were  performed  using  a  6550  F  flame 
temperature  propellant  at  a  nominal  motor  pressure  of  JOO  pal.  The  motor 
firing  progrom  culminated  in  a  demonstration  of  the  ability  of  pyrolytic 
graphite  coatings  to  withstoiid  firings  in  excess  of  60  seconds  at  high 
chamber  pressure. 

A  number  of  interesting  conclusions  can  be  drawn  from  this  program. 
The  thermal  analyses  illustrated  the  unique  Insulating  properties  of  pyrolytic 
graphite  coating  and  provided  design  data  for  the  successful  fabrication  and 
test  of  the  nozzles  built  on  this  program.  The  stress  analyses  provided 
data  on  the  residual  stresses  in  con^oslte  bodies  consisting  of  a  pyrolytic 
graphite  coating  and  the  substrate  upon  which  it  was  deposited.  These  data 
were  net  previously  available  in  the  literature.  The  effect  of  pyrolytic 
graphite  coating  thickness,  substrate  thickness,  substrate  radius,  and  sub¬ 
strate  properties  were  illustrated  by  stress  calculations.  Based  upon  the 
stress  calculations  and  the  eoqperimental  evidence  gathered  in  the  deposition 
work,  it  was  concluded  that  both  the  radial  tensile  stress  in  the  pyrolytic 
graphite  coating  and  the  axial  stress  in  the  substrate  material  are  critical 
in  causing  flaws  in  the  coating. 

In  the  deposition  studies,  it  was  determined  that  delamlnatlon 
cracking  is  the  most  conanon  failure  mode  from  residual  stresses  in  pyrolytic 
graphite  coated  composites.  For  a  given  substrate  material,  delamlnatlon 
cracking  occurred  at  similar  coating  thicknesses  for  both  the  subscale 
nozzles  (l.l-lnch  diameter)  and  fuJ.lscale  nozzles  (2.3-lnch  diameter).  This 
behavior  indicates  that  critical  stress  factors  may  result  both  from  the 
anisotropic  nature  of  the  pyrolytic  graphite  and  from  mismatch  between  the 
coating  properties  and  the  substrate  properties.  Control  of  delamlnatlon 
cracking  was  achieved  both  through  deposition  process  control  and  through 
selection  of  the  substrate  material.  Crack-free  coatings  of  about  ^  mil 
thickness  were  successfully  prepared  on  conventional  graphite  substrates  of 
both  subscale  and  fullsccde  dimensions.  Much  thicker  crack-free  coatings 
were  prepared  on  a  low  modulus,  fibrous  graphite  substrate.  Correlation  of 
the  calculated  stress  levels  and  the  experimentally  observed  cracking  was 
achieved. 
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Nine  n»tor  firing  tegts  (five  subscale  nozzles  and  four  full  scale 
nozzles)  were  made  with  a  6550°F  propellant  at  700  psi  motor  pressure. 

Excellent  performance  was  demonstrated  for  both  subscale  nozzles  (erosion 
rates  from  0.55  to  0.6U  mll/sec)  and  fullscale  nozzles  (erosion  rates  from 
0.73  to  1.19  mll/sec).  The  higher  erosion  rates  were  measured  for  coatings 
on  fibrous  graphite  substrates  probably  because  of  a  greater  tendency  to 
fonn  nodules  In  these  coatings  and  the  local  flaws  associated  with  nodules. 

The  extent  of  coating  deterioration  and  loss  correlated  with  observed  pre¬ 
firing  delamlnatlon  cracks.  Three  coatings  which  contained  known  delamlnatlon 
flaws  (two  subscale  and  one  fullscale  Insert)  prior  to  firing  were  all 
destroyed  during  motor  test.  Of  six  coated  Inserts  without  observable  major 
flaws,  only  one  subscale  unit  suffered  a  complete  loss  of  coating.  Coating 
retention  was  demonstrated  In  the  other  five  tests  of  Inserts  without  cracks; 
four  of  these  successful  tests  were  consecutive  In  the  latter  portion  of  the 
program.  Calculated  stress  values  for  both  radial  coating  stress  and  axial 
substrate  stress  were  correlated  with  the  observed  delamlnatlon  cracks.  The 
value  of  the  pre-firing  microscopic  examination  of  the  coating  edges  as  a 
quedlty  control  procedure  was  clearly  demonstrated  by  the  program  results.  (C) 

Post-flrlng  microscopic  examination  of  the  coating  on  several 
Inserts  showed  no  deterioration  of  the  remaining  coating.  This  Indicates 
that  pyrolytic  graphite  coatings  are  a  good  candidate  for  restart,  nozzle 
applications .  (U) 

The  feasibility  of  pyrolytic  graphite  coatings  for  use  In  uncooled 
nozzles  for  advanced  solid  propellant  motors  was  demonstrated  by  the  results 
of  this  program,  but  several  areas  are  recommended  for  further  study  to 
optimize  the  coating  performance  and  to  advance  the  development  of  such 
nozzle  assemblies.  Stress  analysis  work  should  be  extended  to  confirm  the 
critical  allowable  stresses  in  coated  composites  and  to  optimize  the  control 
of  these  critical  stresses.  Deposition  work  should  be  aimed  at  the  preparation 
of  optimum  quality  coatings  and  the  correlation  of  erosion  resistance  with 
role  restructure.  Repetitive  motor  firings  of  coated  nozzles  Is  recommended  to 
demonstrate  the  Indicated  utility  of  pyrolytic  graphite  coatings  for  this 
type  of  duty  cycle.  Additional  motor  tests  could  provide  experimental  data 
for  the  correlations  sought  In  further  stress  analysis  and  deposition  process 
study.  (U) 
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j.O  ANALYCID  AND  DESKJN 


A.  GflJI-JRAI. 

It,  iu  ImporLiint,  In  the  evaluation  of  no/.icle  mut.erialn  that  tlie 
proper  dcnign  bo  uned  for  each  ter.t  unit,.  Wlien  the  objectives  in  to  evaluate 
the  performance  capability  of  the  nozzle  material,  any  :-.hort-comlng  of  the 
design  which  compromlaen  thin  perfonnancc  is  misleading  and  undesirable. 

To  aid  in  the  design  of  the  tent  nozzles,  botli  thermal  analysis  and  stress 
calculations  were  carried  out.  Thermal  analysis  was  carried  out  to  determine 
the  temperature  history  of  the  nozzle  structure  and  to  assure  that  thermal 
failures  would  not  occur.  Tlie  stress  calculations  carried  out  dealt  with 
the  residual  stresses  involved  In  the  pyrolytic  graphite  coated  Insert. 

All  of  the  tent  nozzles  were  constructed  with  hoi.vy-welght  tent  hardware 
to  provide  the  maximum  data  on  the  nozzle  Inserts  within  the  limited  budget 
of  the  program.  Design  find  optlmizfitlon  of  fi  flight-weight  nozzle  were 
beyond  the  scope  of  this  program. 

Both  the  thermal  analysis  and  the  r.tress  analysis  calculations 
arc  discussed  In  some  detail  In  this  section  because  the  results  of  these 
calculations  indicate  some  of  the  unlijue  properties  of  pyrolytic  graphite 
coateu  nozzles.  The  thermal  anfilysls  indlctites  the  potential  for  minimum 
weight  nozzles  offered  by  pryolytic  graphite  cofitlngs.  The  stress  analysis 
indicates  the  nature  of  the  i>roblems  faced  In  propfiring  flfiw-free  coatings 
of  desired  dimension  and  in  maintaining  coating  Integrity  during  service. 

B.  THHIMAL  ANALY53IO 

Pyrolytic  graphite  is  an  excellent  thermal  Insulator  in  the  direction 
normal  to  the  deposition  layer  planes.  When  used  as  ti  cofitlng  this  insulating 
property  lends  to  a  rapid  rise  in  surface  temperature,  Ifirge  temperature 
gradients  across  the  coating  thickness,  and  fi  slgniflcfint  reduction  in  the 
heat  transmitted  through  the  coating  to  the  nozzle  structure.  The  high  surface 
temperature  and  large  thermal  gradients  across  the  cofiting  produce  very 
severe  service  conditions  for  the  pyrolytic  graphite,  but,  if  the  coating  can 
withstand  these  conditions,  the  reduction  in  heat  transmission  through  the 
coating  makes  possible  a  very  light-weight  nozzle  system.  This  characteristic 
ic  a  distinct  advantage  for  pyrolytic  graphite  coatings  over  conventional 
heat  sink  nozzles. 

To  predict  the  temperat-^e  history  at  several  points  in  selected 
nozzle  designs,  a  series  of  thermal  analyses  was  carried  out.  Several  cases 
were  selected  to  provide  a  parametric  study  of  the  effect  of  coating  thickness, 
substrate  thickness,  and  insulating  thickness  for  both  the  subscale  and  full- 
scale  nozzles.  The  thermal  analyses  were  performed  with  existing  programs 
on  a  Burroughs  220  and  an  IBM  7090  computer.  These  programs  utilize  finite 
difference  methods  to  calculate  the  transient  radial  conduction  in  axlsymmetrlc 
cylindrical  geometry  and  include  the  following  features: 
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(L)  Conve.-tlve  lient  li.put  nt  the  gna  aurfHce  ia  baaed  on  UarLz. 
correlation  trancfer  coefflclenta  and  gan  recovery  temperature. 

(2)  Radiative  heat  tranal’er  at  the  gaa  aurface  ia  baaed  on  the 
particle  cloud  and  aurface  emlaalvitiea  artd  the  gaa  free-atream  .emperature 
(i.e.,  no  temperature  lag  In  the  condenaed  phaae). 

(3)  Temperature  dej)endent  thermal  i)ropertlea  are  uaed  aa  needed 
for  each  material  in  the  compoalte  atructure. 

(4)  An  fidiabatlc  rear  v/all  condition  ia  aaauintd.  Factora  1  and 

4  are  conventional  acBumptiona  generally  made  in  all  thermal  analyals  programs. 
The  reflnemento  of  the  program  uaed  In  this  atudy  are  the  Inclusion  of  tem¬ 
perature  dependent  thermal  propertlea  and  the  inclusion  of  radiative  heat 
transfer  between  the  nozzle  surface  and  the  propellant  exhaust  atreora.  The 
latter  factor  la  quite  important  for  long  term  firlnga  when  the  surface 
temperature  of  the  nozzle  approaches  a  steady  state  value.  If  radiative 
heat  transfer  is  Ignored,  significant  error  may  exist  in  the  calculated 
surface  temperature.  The  use  of  a  program  for  axisymmetric  cylindrical 
geometry  is  also  extremely  desirable  for  nozzles  jf  moderate  diameter. 

Calculations  of  the  temperature  histories  wore  made  for  both 
subscale  and  fullscale  nozzles  at  the  nozzle  throat  location  and  at  one 
upstream  position  in  the  nozzle  inlet  region.  At  the  throat  location,  the 
composite  structure  consisted  of  jiyrolytic  graplilte  coating,  graj)hlto  substrate, 
carbon  back-up  insulation,  and  steel  structure.  An  edge-oriented  pyrolytic 
graphite  plate  was  used  Just  upstream  of  the  coated  insert  in  the  experimental 
nozzles  to  protect  the  lending  edge  of  the  coated  section.  Thus,  the  thermal 
analyses  in  the  inlet  region  wore  mjide  for  a  composite  consisting  of  edge- 
oriented  pyrolytic  graphite,  a  baked  carbon  Insulator,  and  the  steel  structure. 
In  all  calculations  ATJ  graphite  was  triken  as  the  substrate  material  and 
baked  carbon,  which  war.  used  in  all  of  the  tent  nozzles,  was  taken  ns  the 
insulation  and  back-up  material.  In  each  case,  a  standard  thickness  of  3/8 
inch  was  used  for  the  steel  nozzle  stiucture. 

A  total  of  fifteen  cases  were  analyzed.  The  dimensions  of  each 
configuration  selected  for  analysis  are  shown  in  Table  I.  The  dimensions 
used  for  thermal  analyses  covered  a  range  of  dimensions  anticipated  to  cover 
those  used  in  actual  experimental  nozzle  designs.  The  data  calculated  for 
each  case  are  summarized  in  tabular  form  in  Appendix  A.  The  reader  may  refer 
to  these  data  for  any  detailed  comparisons  desired.  Selected  data  are 
discussed  and  compared  in  the  following  paragrapho  to  illustrate  key  features 
of  pyrolytic  graphite  coated  nozzles. 

Several  interesting  facts  may  be  noted  by  examining  the  predicted 
temperature  histories.  First,  the  very  strong  effect  of  the  insulating  nature 
of  the  pyrolytic  graphite  coating  is  apparent  from  the  rate  at  which  heating 
of  the  nozzle  occurs  nt  the  throat  region  compared  to  a  nozzle  without  the 
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Table  1.  DlMnslona  of  Mostlta  Selected  for  Thenul  Analyais. 


A.  Threat  locatloat  1.100**  throat  dlaeatar;  4.750**  outalde  dlaeetor; 
a  teal  thlckaaaa  3/1** 


Pyrolytic  Graphite  Graphite  Graph ita/Carbon  Carbon 
Coating  Thicknaaa  Thickneaa  Interface  OiaaMter  Thicknaaa 


Caae  Wo.*  _ 

(oil) 

(inch) 

(inch) 

(inch) 

A-1 

0 

0.700 

2.500 

0.75 

A-2 

0 

0.f50 

3.000 

0.30 

A-S 

30 

0.470 

2.300 

0.75 

A-4 

30 

0.f20 

3.000 

0.30 

A-S 

M 

0.440 

2.500 

0.75 

A-i 

M 

O.BM 

3.000 

0.30 

!•  Throat  loeatioat  2.300**  threat  diaaa 

ter;  4.250**  entaide  diaoater; 

ataal  thicknaaa  3/1** 

Pyrolytic  Graphite 

Graphite 

Graph  ita/Carhon 

Carbon 

Coating  Thicknaaa  ' 

Thickneaa 

Interface  OiaaMter  Thickneaa 

Caee  Wo.  ^ 

(oil) 

(inch) 

(inch) 

(inch) 

B-1 

0 

0.130 

4.000 

0.75 

B-2 

0 

1.100 

4.500 

0.50 

1-3 

• 

45 

0.805 

4.000 

• 

0.73 

B-4 

43 

1.035 

4.300 

0.30 

B-7 

45 

0.805 

4.000 

1.125^ 

C.  Inlet  location i  1. 040**  diaaatar  (1.100**  threat);  ataal 

thickneaa  3/8 

Pyrolytic  Graphite 

(Carbon 

Outaide 

Plate  Heb  Thicknaaa 

Thicknaaa 

Dieoater 

Cate  Ko. 

(inch) 

(inch) 

0-1 

0.130 

0.30 

3.250 

C-2 

0.130 

0.875 

4.000 

0.  Znlat  locationi  3.340**  diaaa tar  (2.300**  threat);  ataal 

thickneaa  3/8' 

Pyrolytic  Graphita 

Carbon 

Outaide 

Plata  Web  Thicknaaa 

Thicknaaa 

DiaoMter 

Caee  Mo. 

(inch) 

(inch) 

D-1 

0.155 

0.423 

7.230 

D-2 

0.153 

1.000 

8.000 

a*  leaulta  of 

thaae  caaea  are  found  in  Appendix  A. 

b.  Outaide  diaaeter  for  case  B*7  ■  7.000" 
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pyrolytic  graphite  coating.  (Figure  l)  This  ineulatlng  property  of  the 
coating  leado  to  the  predicted  very  rapid  rise  in  surface  temperature.  Just 
how  rapidly  this  rise  occurs  can  be  seen  in  Figure  2  in  which  the  surface 
temperature  of  the  throat  of  a  subscale  nozzle  with  only  jO  mils  of  pyrolytic 
graphite  coating  is  shown  with  a  greatly  expanded  time  scale.  It  can  also 
be  seen  from  these  temperature  plots  that  practical  thicknesses  of  baked 
carbon  In  the  range  from  l/2  to  1  inch  provide  adequate  Insulation  between 
the  nozzle  throat  insert  and  the  steel  housing  for  al?.  th.,  firing  conditions 
planned  In  this  program  (Figures  1  and  U). 

The  temperature  histories  predicted  In  the  Inlet  region  of  both 
the  subscale  nozzle  and  the  fullscale  nozzle  are  shown  in  Figures  3  c^nd 
A  substantial  temperature  rise  can  be  expected  from  the  heat  sink,  edge- 
oriented  pyrolytic  graphite  plate,  but  this  need  be  no  cause  for  concern  for 
heavy-weight  nozzle  test  hardware.  The  edge-oriented  pyrolytic  graphite 
plate  Is  Included  for  the  primary  purpose  of  providing  protection  for  the 
leading  edge  of  the  coated  insert  section.  In  previous  work,  excessive 
erosion  v^stream  of  the  coated  insert  has  led  to  unduly  severe  exposure 
conditions  of  the  coating.  In  practical  nozzle  designs,  no  greater  weight 
of  the  pyrolytic  graphite  plate  material  would  be  desirable  beyond  that 
needed  to  provide  protection  for  the  upstream  edge  of  the  coating.  To 
optimize  a  light-weight  nozzle  design,  another  method  of  controlling  the 
entrance  contour,  such  as  the  use  of  a  second  pyrolytic  graphite  coated 
segment,  might  be  found  more  favorable. 

The  dimensions  of  the  nozzles  which  were  motor  tested  were 
comparable  with  cases  subjected  to  thermal  analysis.  The  thermal  calcula¬ 
tions  indicated  that  no  problems  would  be  encountered  with  over  heating 
of  the  nozzle  structures.  These  predictions  were  borne  out  in  the  motor 
test  firing  program. 
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Figure  2.  Initial  Temperature  Rise  in  Pyrolytic  Graphite 
Coating  on  Subscale  Nozzle. 
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.  Figure  3.  Temperature  in  Entrance  Section  of  Subscale  Nozzle. 


Figure  5.  Temperatures  in  Entrance  Section  of  Fullscale  Nozzle. 
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C.  STRESS  ANALYSIS 

In  the  design  of  any  nozzle,  various  stress  factors  must  be 
considered.  Stresses  exist  in  the  throat  insert,  in  the  back-up  insula¬ 
tion,  and  in  the  nozzle  structure.  In  a  flight-weight  nozzle  design, 
the  stress  levels  in  the  nozzle  structure  and  attachments  assume  equal 
importance  with  the  stresses  in  the  internal  components  of  the  nozzle. 

This  is  true  because  each  component  must  be  designed  to  save  weight.  When 
heavy-weight  nozzles  are  designed  for  test  purposes,  however,  the  struc¬ 
tural  stress  problems  may  be  minimized  by  conservative  design.  The  con¬ 
servative  design  for  the  test  hardware  used  on  this  program  contributed 
to  the  satisfactory  performance  experienced  with  the  test  nozzles  to  yield 
maxinua  data  on  the  coating  performance. 

Stress  factors  in  the  nozzle  throat  insert  material  under  eval¬ 
uation  cannot  be  disposed  of  easily.  These  stress  factors  and  their  effect 
upon  the  nozzle  material  are  often  central  to  the  performance  capabilities 
of  the  material.  Residual  stresses  may  be  incorporated  in  the  nozzle 
insert  material  during  its  manufacture.  Additional  stresses  or  modifica¬ 
tion  of  the  residual  stress  pattern  may  be  caused  during  a  rocket  firing 
both  by  the  severe  thermal  environment  and  the^mechanical  forces  acting 
upon  the  nozzle.  Often  one  of  these  stress  types  is  critical  for  the 
application  of  n  given  nozzle  material.  Such  was  the  case  in  this  program 
as  indicated  in  the  following  discussion. 

Pyrolytic  graphite  is  a  highly  anistropic  material.  Because  the 
ntaterial  consists  of  a  stacked  layer  plane  structure,  the  thermal  and 
mechanical  properties  are  very  different  in  the  a-b  direction  (parallel  to 
basal  planes)  in  the  c-  direction  (perpendicular  to  the  basal  planes).  The 
elastic  constants  of  the  material  also  differ  in  the  a-b  and  c  directions. 

A  material  which  exhibits  this  type  of  anisotropy,  in  which  the  properties 
in  two  directions  (a-b)  are  equivalent  but  differ  from  those  in  the  third 
direction  (c),  is  properly  referred  to  as  transversely  Isotropic.  It  is 
known  that  a  transversely  isotropic  material  is  prone  to  develop  residual 
stresses  when  its  temperature  is  changed.  A  change  in  the  temperature  of 
the  material  is  a  sufficient  condition  to  induce  stresses;  it  is  not  neces¬ 
sary  for  a  temperature  gradient  to  exist  in  the  material  as  is  the  case  for 
an  isotropic  material.  In  the  case  of  a  flat  piece  of  pyrolytic  graphite, 
the  stresses  induced  during  cooling  from  the  deposition  temperature  lead  to 
warping  or  distortion  of  the  surface.  However,  in  closed  shells  of  pyroly¬ 
tic  graphite,  the  geometrical  restraint  offered  by  the  closed  shape  locks 
in  residual  stresses. 

The  residual  stresses  inherent  in  pyrolytic  graphite  coatings 
represent  the  single  most  critical  stress  factor  in  pyrolytic  graphite 
nozzles.  Although  the  general  nature  of  the  residual  stresses  in  pyrolytic 
graphite  are  known,  little  definitive  information  has  been  published  on 
the  magnitude  of  these  stresses  especially  for  the  composite  consisting  of 
a  pyrolytic  coating  and  its  graphite  substrate.  An  approximate  analysis 
of  the  stresses  in  free-standing  spherical  and  cylindrical  shells  of  pyrolytic 
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graphite  waa  reported  in  Reference  4.  In  both  reference!  4  and  5,  the  local 
effecta  of  nodulea  and  lurface  roughneaa  were  explored  for  free-atandlng 
geoaetry.  Reference  6  contalna,  in  addition  to  the  work  publiahed  in  Refar- 
encea  4  and  5,  a  variety  of  brief  and  exploratory  analyaes  of  aany  of  tha 
different  atreaa  probleaa  auch  aa  growth,  theraal  gradienta,  aurface  rough- 
neaa,  etc.,  diacovered  in  the  courae  of  the  fabrication  of  pyrolytic  graphite 
ahapea.  Calculationa  are  auide  only  for  free-atanding  ahella  although  the 
effecta  of  mandrel  reatrainta  are  auggeated.  Perhapa  moat  important  in 
Reference  6  ia  the  exploration  of  methoda  of  maaauring  raaidual  atraaaea  by 
attain  gage  technlquea.  It  appeara  that  with  aufficient  care  and  extmaive 
effort  reaidual  atreaaea  can  ba  meaaured,  but  auch  meaauraaMnta  require 
deatruction  of  the  pyrolytic  graphite  aection.  The  data  in  the  literature 
ia  of  general  interaat,  but  it  doea  not  relate  tha  atreaaea  in  coaf-ixl  com- 
poalte  structurea  to  the  geometry  and  propertlea  in  tha  way  required  to 
guide  a  atudy  of  pyrolytic  graphite  coated  noaxlea. 

The  principal  mode  of  failure  of  coated  inaarta  reaultinic.  from 
reaidual  atreaa  conaiata  of  delaaiination  cracka  which  are  parallai  to  the 
aubatrate  and  coating  free  aurface.  Such  cracka  amy  form  at  the  aubatrate 
coating  interface  or  completely  within  the  coating  and  once  initiated 
generally  propogate  around  the  noxxle  circumference.  Radial  tenaila 
atreaaea  in  the  coating  are  normal  to  auch  cracka  and  could  be  reaponaible 
for  delamination.  Shear  atreaaea  reaulting  from  axial  attwaaaa  in  abort 
coated  piecea  could  alao  produce  interlaminar  failure.  The  axial  curva¬ 
ture  of  the  noaxle  would  lead  to  an  opening  of  an  interlaminar  crack 
following  a  ahear  atreaa  failure.  Microacoplc  examination  of  the  poliahed 
edge  of  the  coating  readily  reveala  delaadnation  cracka;  the  prediction 
and  control  of  auch  flawa  waa  tha  main  objective  of  the  atreaa  analyaaa. 

Short  interlaminar  cracka  are  often  found  in  the  region  of  growth  nodulea 
in  local  areaa  of  otherwiae  aound  coatinga.  Theae  defacta, which  are 
referred  to  aa  local  flawa  becauae  they  do  not  form  a  continuoua  crack 
pattern,  would  likely  be  leaa  deatructive  coating  integrity. 

To  define  the  problema  inherent  in  the  aa-depoaited  coatinga 
under  atudy  in  thia  program,  a  aeriea  of  atreaa  analyaea  waa  carried  out. 
Calculationa  were  laadc  on  the  effect  of  geometrical  variablea  on  the  reai¬ 
dual  atreaa  in  free-atanding  pyrolytic  graphite  ahella.  Calculationa 
were  alao  made  for  the  effect  of  geometry  and  aubatrate  propertlea  on 
the  atreaaea  in  compoaltea  conaiating  of  a  pyrolytic  graphite  coating  and 
Ita  aubatrate.  The  method  uaed  in  theae  calculationa  and  the  reaulta  of 
each  type  of  calculation  are  diacuaaed  in  the  following  aectiona. 

1.  Method  of  Analvaia 

In  a  prevloua  program  at  Atlantic  Reaearch  (Refarence  1),  the 
baaic  atreaa-atrain  relatione  for  pyrolytic  graphite  were  derived.  Theae 
relationahipa  for  a  tranaveraely  iaotropic  material  are  auch  more  compli¬ 
cated  than  for  the  caae  of  an  iaotropic  material.  The  atreaa-atrein 
relationahipa  involve  aeven  eleatic  conatanta  rather  than  three  for  an 
iaotropic  caae.  However,  only  five  of  theae  elaatic  conatanta  are  independent. 
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In  our  prior  work,  these  st^ess-streln  relationships  vere  used  to  derive  the 
differential  equations  relating  the  stresses  and  the  deflections  for  a 
cylinder  of  pyrolytic  graphite.  These  equations  vere  the  starting  point  for 
the  calculations  of  stresses  In  pyrolytic  graphite  shapes  which  can  be  des> 
crlbad  In  cylindrical  coordinates. 

To  carry  out  the  desired  stress  analyses  on  this  program,  computer 
programs  were  written  to  aolve  the  basic  equations  on  a  Burroughs  220  com* 
puter.  Ths  first  program  prepared  dealt  with  the  stresses  In  a  homogeneous 
frao-standlng  cylinder  of  pyrolytic  graphite.  This  program  was  used  to 
calculate  the  streases  In  long  cylinders  In  which  tha  edge  effects  ware  not 
Involved.  Tha  input  data  required  for  this  program  ware  the  thermal  and 
alaatlc  propartlaa  of  the  pyrolytic  graphite  and  tha  tamperature  at  which 
tha  material  was  In  a  atraaa-fraa  condition.  Tha  output  of  tha  program 
conalstad  of  the  principal  atraases  at  any  other  taaq>aratura. 

A  second  computer  program  was  also  prepared  In  which  tha  pyrolytic 
graphite  coating  aquations  ware  coupled  with  those  which  apply  to  a  cylin¬ 
drical  substrata  material.  This  progrms  could  be  used  to  calculate  tha 
atressas  In  both  tha  coating  and  tha  subatrate  for  composltas  In  which  tha 
coating  Is  on  either  tha  Inalde  or  tha  outside  of  the  substrate  cylinder. 
Thla  program  was  particularly  Important  to  our  study  of  pyrolytic  graphite 
coated  Inserts.  Tha  Interaction  of  tha  coating  and  tha  substrata  cannot 
bo  Ignored  If  pyrolytic  graphite  Is  to  ba  used  on  an  as-deposltad  coating 
baals.  No  serious  study  of  tha  atressea  In  as-deposited  composites  was 
available  from  previous  work  so  that  this  portion  of  our  stress  analysis 
was  critical  In  tha  guiding  of  our  deposition  studies  and  tha  Interpreta¬ 
tion  of  tha  results  of  this  deposition  work. 

2.  Free  ttandlna  Pyrolytic  Craohlta  Shells 

As  Indicated  above,  the  anisotropic  nature  of  pyrolytic  graphite 
leads  to  residual  stressee  In  any  shell  when  the  temperature  of  the  material 
Is  changed.  Although  these  stresses  cannot  ba  eliminated  or  avoided,  an 
Identification  of  the  nature  and  magnitude  of  these  residual  stresses  Is  of 
value  In  the  design  of  a  nossle. 

The  stresses  In  long  cylinders  of  free-standing  pyrolytic  graphite 
were  calculated  using  anisotropic  elastic  and  thermal  expansion  properties 
for  the  pyrolytic  graphite.  The  strseses  considered  In  each  case  are  those 
created  by  cooling  the  material,  assumed  stress  free  at  tha  deposition 
teBq>arature  of  2000*C,  to  room  tsmperatura.  The  thickness  of  the  pyrolytic 
graphite  shell  and  Its  dlasMtar  were  varied  over  a  range  typical  of  those 
values  of  Interest  for  the  nossles  In  this  program.  Tha  maximum  tensile 
stresses  calculated  In  each  of  tha  eight  cases  considered  are  listed  In 
Table  11.  A  complete  description  of  the  stresses  calculated  and  tha  Input 
data  used  In  this  series  of  calculations  are  contained  In  Appendix  B. 
Compressive  stresses  are  not  listed  In  Table  11  since  falluree  caused  by 
auch  stresses  are  rarely  observed  and  were  certainly  not  Involved  In  the 
cracking  found  experimentally  In  this  program.  It  must  ba  rsmsmbared  that 
the  stresses  calculated  for  free-standing  pyrolytic  graphite  shells  are 


16 


AFltPL.TI-6S-S7 


« 

•a  4J 

« 

ii-g. 

m  m 

O  M 

0.0 

&  o 

I  ’T* 

m  *J 
<  >* 


« 


« 

4J 

(/) 


B 

« 

H 


I 


Id  n 

^  ol 

iS 


§  Sj 

as 


o 

CM 

o 

8 

o 

o 

m 

s 

o 

CM 

\o 

8 

o 

o 

sf 

ir\ 

00 

cn 

CM 

< 

X 

o 

00 

vO 

vO 


vo 

^  «s- 


2  :$ 


o\  O  vO 

O  O  r.» 

.-I  oo  ^ 

•k 

in 


9i 

u 

Id 


VO 

o 

CM 

X 

8 

o 

• 

M 

sC 

X 

cn 

CO 

0) 

3 

X 

00 

ON 

o 

« 

o 

•d 

•k 

•4 

•k 

cd 

4J 

Ol 

0) 

TJ 

m 

M  •<■> 
U 


X 

«0 

in 

X 

8 

.s- 

CO 

ON 

CO 

X 

CO 

ON 

ON 

m 

o 

00 

o 

CM 

o 

8 

X 

o 

8 

oo 

o 

o 

d 

d 

d 

d 

d 

ON 

d 

m 

H 


-j 

a 

s 

M 

U 

•r*  -  , 

S’" 

4J 

« 

0 

u 


« 

.H 

a  XI 


B 

H 


O 

«n 


o 

d 


o 

m 


o 

CM 


O 

00 


o 


o 

on 


o 

«n 


cs 


<n 


o 

so 


S  8 

0\  ft 


CO 

CO 

CO 

CM 

•H 

• 

t 

• 

« 

• 

• 

• 

CM 

CM 

CM 

o 

44 


o 

«s- 

CM 

CM 


§ 


I  I  I 


^  s 


MX  U  *0  «)  44 


17 


;i 


AFRFL-TR. 65-57 


not  those  which  exist  in  ss-deposited  costed  composites.  However,  these 
residual  stresses  which  exist  in  pyrolytic  graphite  shells  without  regard 
for  restraints  from  the  substrate  are  of  interest  as  background  for  the 
study  of  coated  composites. 

Several  interesting  conclusions  can  bs  drawn  from  the  data  in 
Table  II.  First,  the  radial  tensile  stresses,  which  might  explain  the 
delamination  cracks  whicn  are  most  common  in  pyrolytic  graphite,  are  not 
excessive  I'or  dimensions  which  are  realistic  for  our  notzle  study.  An 
allowable  radial  tensile  stress  of  about  1000  psi  (across  plane  direction) 
is  a  reasonable  value  for  pyrolytic  graphite.  Case  7  which  was  included 
to  show  the  effect  of  a  very  thick  shall  of  small  inside  diameter  indicates 
that  axtramaly  high  stresses  would  character ize  such  sn  unfavorable 
configuration. 

In  addition  to  the  stress  levels,  the  effect  of  the  thickness 
(t)  to  inside  radius  (r^)  ratio  on  the  atrasses  is  of  interest.  Casas  2 
and  8  indicate  that  geometric  similarity  leads  to  squal  stresses  in  thin 
shells.  The  stress  in  esch  coordinate  direction  increases  with  increasing 
t/r^  ratio  but  not  in  the  same  manner.  Over  the  range  of  t/r^  ratios 
typical  of  the  nozzles  for  this  program,  the  following  observations  can 
be  made: 


(1)  the  hoop  stress  increases  essentially  in  proportion  to 
the  increase  in  t/r^  , 

(2)  the  axial  stress  increases  with  increased  t/r.  but  at 
a  rate  of  less  than  proportional  to  the  increasa  in  t/r^  ,  anS 

(3)  the  radial  stress  increases  with  Increased  t/r  but 
at  a  rate  greater  than  proportional  to  the  increase  in  t/r^  .  ^ 

3.  Coated  Composites 

The  nozzles  under  study  in  this  program  were  all  coated  composites 
consisting  of  a  coating  of  pyrolytic  graphite  as-deposited  on  the  inner 
Surface  of  a  commercial  graphite  substrate.  Since  the  pyrolytic  graphite 
was  to  be  used  as  an  as-deposited  coating,  the  stresses  calculated  for  the 
composite  are  of  greater  interest  than  those  calculated  for  free-standing 
shells.  In  any  pyrolytic  graphite  coated  body  some  mismatch  of  thermal 
expansion  coefficients  exists  between  the  coating  and  the  substrata  in  one 
or  more  directions.  The  elastic  properties  of  the  substrate  graphite  also 
generally  differ  from  those  of  pyrolytic  graphite.  Each  of  these  differences, 
in  addition  to  the  anisotropic  nature  of  the  pyrolytic  graphite,  contributes 
to  the  residual  straas  in  a  coated  part.  Again,  these  stresses  cannot 
generally  ba  oliminatod  but  their  identification  is  important.  Effective 
control  of  the  swgnitude  of  these  stresses  is  possible  by  the  proper  selec¬ 
tion  of  goosMtrical  factors  and  the  properties  of  the  substrate  material. 

Three  aeries  of  stress  calculations  were  made  for  coated  composites 
consisting  of  a  long  cylindrical  configuration.  In  a  long  cylinder,  only 


18 


AFI(PL-TR.65-57 


principal  atrcasaa  axist  and  no  ahaar  atraaaas  ara  developed.  The  aelection 
of  this  configuration  was  necessary  to  avoid  the  mathematical  complication 
of  adga  diacontinuitias  which  ara  involved  in  short  cylinders.  Thus,  these 
calculations  repraaent  a  partial  solution  and  simplification  of  the  stress 
pattern  in  actual  coated  inserts.  However,  valuable  Insight  was  gained 
into  the  nature  of  the  stresses  and  the  relation  of  these  stresses  to  the 
geometry  and  matarials  selected  for  coated  inserts. 

a.  Coatings  on  Inner  Surface  of  Cylinder 

In  the  first  series  of  calculations,  the  stresses  were  computed 
for  composites  consisting  of  a  pyrolytic  graphite  coating  on  the  inner 
surface  of  a  cylindrical  substrata.  lWenty>four  cases  were  analysed  to 
datamina  the  stress  levels  for  all  combinations  of  the  following  variables: 

(1)  pyrolytic  graphite  thickness  -  30,  50  and  80  mils, 

(2)  substrata  thickness  -  0.40  and  0.70  inch, 

(3)  substrata  type«8»ldad  and  extruded  graphite, 

(4)  inside  diameter  •  1.120  and  2.300  inch. 

Table  111  contains  a  sussMry  of  the  results  of  these  calculations. 
Only  the  maximuai  principal  tanaila  strassas  are  listed  although  comprassive 
atrassas  of  eisdlar  magnitudes  are  present.  No  failures  which  appear  to  be 
the  direct  consequence  of  compressive  stresses  have  been  noted  in  the  axpari* 
mental  work.  A  complete  presentation  of  the  results  of  these  stress  calcu¬ 
lations  is  included  in  Appendix  C.  The  reader  who  is  interested  in  further 
comparisons  or  study  of  these  results  is  referred  to  this  tabulation. 

Ixamlnatlon  of  Table  III  illustrates  a  number  of  interesting 
factors.  For  a  given  type  and  sise  of  substrata  the  radial  tensile  stress 
increases  with  coating  thickness.  F  r  substrates  of  the  same  sisa,  the 
radial  tensile  stresses  for  an  axtn’dad  graphite  substrate  exceed  those 
for  a  molded  graphite.  The  magnitude,  of  these  radial  tensile  strasaas  are 
particularly  important  because  they  i’r>iild  explain  delamination  cracks.  For 
a  number  of  the  configurations  listed  Table  III  the  maximum  hoop  tensile 
stress  in  the  coating  becomes  quite  large.  Only  in  the  case  of  the  thicker 
coatings  on  the  smaller  substrate,  however,  does  this  hoop  stress  approach 
the  value  generally  reported  for  the  ter^i-le  strength  of  pyrolytic  graphite 
in  thaa-b  direction. 

The  axial  stresses  in  the  coating  are  entirely  comprassive.  The 
tensile  streases  in  the  axial  direction  in  the  substrata,  however,  ara 
indicative  of  the  forces  created  by  the  mismatch  of  the  coating  and  the 
substrate  in  the  axial  dimension.  The  axial  tensile  stresses  in  the  sub¬ 
strata  increase  with  coating  thicknaoa  and  decrease  with  substrata  thickness. 
For  the  cases  selected,  the  axial  stresses  are  somewhat  larger  in  the  large 
diameter  substrate  than  in  the  smaller  diameter  substrate.  The  axial  stress 
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is  Inportant  in  coated  conpoaites  because  in  actual  nozzle  inserts  edge  effects 
cone  into  play  which  yield  secondary  stresses  in  the  coiopositc.  The  transfer 
of  axial  stresses  across  the  interface  between  the  coating  and  the  substrate 
in  actual  sections  of  finite  length  creates  shear  stresses.  It  is  likely 
that  these  shear  stresses,  which  are  inter-laminar  in  nature  for  the  coating, 
are  one  cause  of  the  delamination  flaws.  The  analysis  of  these  shear  stresses 
was  not  carried  out  in  this  program  as  indicated  above  because  of  the  diffi¬ 
culty  of  such  analysis.  However,  it  is  estimated  that  the  Mgnitude  of  the 
shear  stresses  is  related  directly  to  the  magnitude  of  the  axial  tension  in 
the  substrate. 

Finally,  examination  of  the  hoop  tensile  stresses  in  the  substrste 
indicates  another  potential  probleai  area.  In  the  cases  involving  the  snlded 
graphite,  the  hoop  tension  in  the  substrate  appears  safe  since  the  tensile 
strength  of  molded  graphite  is  of  the  order  of  3000  spi.  However,  the  tensile 
strength  of  extruded  graphite,  which  may  range  from  1200  to  2000  psl,  may 
not  bo  sufficient  to  widistand  the  hoop  or  axial  stresses.  In  fact,  in  the 
axparlsMntal  deposition  work,  several  instances  of  hoop  stress  failure 
occurred  in  extruded  graphite  substrates. 

b.  Coatings  on  Outer  Surface  of  Cylinder 

In  the  first  series  of  calculations  described  above,  the  nozzle 
shape  waa  idealised  as  a  coeposite  cylinder  with  the  pyrolytic  graphite 
coating  on  the  inner  surface.  The  cylinder  was  selscted  such  that  the 
circular  cross-section  was  typical  of  a  given  nozsle  throat  plane.  Thus, 
these  previous  calculations  served  to  illustrate  the  effect  of  nozzle  throat 
radiua  on  coating  stresses.  To  illustrate  the  effect  of  axial  nozzle  curva¬ 
ture  on  the  stresses  in  the  coated  insert  section,  calculations  were  made 
for  a  eoeposita  cylinder  with  the  coating  on  the  outside  with  the  cylinder 
radiua  equal  to  the  radius  of  curvature  of  typical  nozzles.  Figure  6  shows 
pietorially  the  rationale  behind  this  selection  of  geometry.  The  surface 
of  an  actual  nozzle  insert  represents  only  a  portion  of  a  toroidal  surface 
and  thiia  does  not  consist  of  a  closed  surface  along  the  direction  of  the 
radius  of  curvature.  Nevertheless,  it  was  felt  that  calculations  for  this 
outside  coating  geometry  would  help  to  indicate  the  effects  of  nozzle 
radius  of  curvature  to  supplement  the  calculation  of  the  effects  of  nozzle 
throat  diameter. 

Twelve  cases  were  calculated  for  coatings  on  the  outside  of  a 
cylinder  to  demonstrate  the  effect  of  two  radii  of  curvature,  two  thicknesses 
of  a  molded  graphite  substrate,  and  three  pyrolytic  graphite  coating  thick- 
nessaa.  The  maximum  tensile  stresses  in  each  principal  direction  in  both 
the  coating  and  the  substrate  are  listed  in  Table  IV.  Again  only  the  maxi¬ 
mum  tonsils  stresses  are  listed  although  compressive  stresses  also  exist. 

A  complote  tabulation  of  the  stresses  in  each  direction  is  included  for  each 
case  in  Appendix  D.  Ixaminstion  of  Table  IV  indicates  that  increasing  the 
substrate  thickness  increases  the  radial  tensile  stress,  but  decreases  the 
axial  stress  in  the  substrate.  Increasing  the  radiua  of  the  substrate  (i.e., 
the  radius  of  curvature  of  the  nozzle)  decreases  the  stress  levels.  It  was 
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Radius  of 
Curvature 


Figure  6.  Pictorial  Diagram  Showing  Parameters 
Related  to  Nozzle  Slope. 


22 


AFSrL-TR-65-57 


Table  IV.  Summary  of  Residual  Stresses  In  Cylindrical  Composite  with 
As-Deposited  Pyrolytic  Graphite  Coatings  on  the  Outside.^ 

Maximum  Tensile  Stresses  Maximum  Tensile  Stresses 

_ in  Coating  _ in  Substrate _ 

Coating 


Case  Ho.* 

Thickness 

(mil) 

Radial 

(psi) 

Hoop 

(psi) 

Axial 

(psi) 

Radial 

(psi) 

Hoop 

(psi) 

A. 

Substrate 

radius  > 

1.600"; 

substrate 

thickness  • 

0.100" 

1 

30 

277 

b 

b 

277 

4440 

2710 

2 

50 

384 

384 

6210 

3860 

3 

80 

500 

500 

7900 

5080 

B. 

Substrate 

radius  *- 

1.600"; 

substrate 

thickness  ■ 

0.400" 

4 

30 

382 

382 

1900 

1050 

5 

50 

610 

610 

2710 

1580 

6 

80 

925 

925 

3840 

2290 

C. 

Substrate\adius 

3.2C0"; 

substrate 

thickness  » 

0.100" 

7 

30 

134 

134 

4300 

2650 

8 

50 

182 

182 

5820 

3760 

9 

80 

232 

232 

7370 

4890 

D. 

Substrate 

radius  > 

3.200"; 

substrate 

thickness  - 

0.400" 

10 

30 

188 

188 

1680 

910 

11 

50 

294 

294 

2470 

1400 

12 

80 

431 

'  431 

3510 

2070 

a  Complete  computer  date  may  be  found  in  Appendix  D. 

b.  Where  no  value  is  listed,  atressea  are  entirely  compressive. 
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not  fMSlble  because  of  design  limitations  and  deposition  problaoiB,  to 
investigate  experimentally  the  apparent  iisprovement  gained  by  going  to  a 
larger  radius  of  curvature.  Furthermore,  increasing  the  radius  of  curva¬ 
ture  generally  produces  a  rather  severe  penalty  in  a  light-weight  nozzle 
by  increasing  the  length  of  the  nozzle. 

Several  other  interesting  stress  patterns  are  apparent  from 
examining  Table  IV.  The  only  tensile  stresses  in  the  coating  are  those 
in  the  radial  direction.  In  the  substrate,  the  radial  tensile  stresses 
are  equal  to  those  in  the  coating  but  both  the  hoop  and  axial  stresses 
are  also  tensile.  Both  the  hoop  and  axial  stresses  are  quite  high  for 
the  thinner  substrates.  Increasing  the  substrate  thickness,  of  course, 
decreases  both  of  these  stress  levels.  As  would  be  expected,  increas¬ 
ing  the  coating  thicknesr. ,  other  factors  being  equal,  increases  all  the 
stress  levels. 


c.  Effect  of  Substrate  Properties 

In  the  discussion  above  of  the  source  of  the  stresses  in 
pyrolytic  graphite  coated  inserts,  it  was  pointed  out  that  residual 
atresaes  could  not  be  eliminated.  However,  it  ia  apparent  that  the 
properties  of  the  substrate  graphite  will  have  a  significant  effect 
on  the  stress  levels  in  both  the  coating  and  the  substrate  portion  of 
a  coated  composite.  In  an  effort  to  identify  preferred  substrate 
graphites,  a  series  of  calculations  was  made  for  a  molded  graphite 
(National  Carbon  ATJ) ,  an  anisotropic,  high-density  graphite  (National 
Carbon  ZTA),  a  low-modulus,  fibrous  graphite  (National  Carbon  PT-0114), 
and  an  extruded  graphite  (Speer  580).  Calculations  of  the  stress  levels 
in  both  substrate  and  coating  layers  were  made  for  composite  cylinders 
with  the  coating  on  the  inside  using  two  diameters,  equivalent  to  the 
two  nozzle  sizes  under  study,  and  three  costing  thicknesses  for  each 
of  the  four  substrate  materials.  The  complete  results  of  these  calcu¬ 
lations  are  tabulated  in  Appendix  B.  The  input  data  used  for  these 
calculations  are  also  tabulated  with  the  results.  The  thersial  expan¬ 
sion  values  used  were  somewhat  different  from  those  used  in  the 
earlier  calculations.  The  data  which  were  used  in  this  last  series 
of  analyses  were  taken  from  the  latest  and  most  complete  sources 
available  in  the  literature.  Therefore,  for  correlation  of  calcu¬ 
lated  stresses  with  experimental  data  these  results  are  most  reliable. 

The  results  of  this  series  of  calculations  are  summarized  in 
Tabic  V.  Various  effects  of  the  substrate  properties  are  apperent  from 
examination  of  this  table.  The  stresses  calculated  for  the  laolded 
graphite  (ATJ)  appear  moderate  except  for  two  factors.  As  the  coating 
thickness  increases  in  relation  to  the  diameter  (e.g..  Case  3),  the 
radial  and  hoop  stresses  in  the  coating  rise  quite  rapidly.  This 
appears  to  be  evidence  of  the  internal  anisotropy  of  the  pyrolytic 
graphite  which  is  not  greatly  aK>dified  by  the  ATJ  substrate.  Second, 
the  axial  s trass  in  the  substrate  for  50  and  80  mil  coatings  is  higher 
than  for  the  other  substrates  compared  in  Table  V.  The  shear  stresses 
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Table  V.  Effect  of  Substrate  Properties  on 
Stresses  In  Conposite  Cylinders. 
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Coa^lete  coi^mter  data  nay  be  found  in  Appendix  E. 

Where  no  value  is  listed,  stresses  are  entirely  conpressive 


Table  V.  (cont'd) 
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Cooplete  cooputer  data  may  be  found  in  Appendix  E. 

Where  no  value  is  listed,  stresses  are  entirely  coiif>res8ive. 
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'.ch  result  from  the  axial  force  in  actual  Insert  sections  of  short  length 
can  explain  the  observed  delamination  flaws. 

With  the  high  density  graphite  (ZTA),  the  calculations  show  that 
the  radial  tension  is  eliminated  and  the  axial  tension  in  the  substrate  is 
greatly  reduced  or  eliminated  for  all  cases.  TWo  major  problems  can  be 
identified,  however.  First,  the  substrate  hoop  tension  exceeds  the  luterial 
strength  for  all  configurations.  Consistent  with  this,  the  only  coating 
deposited  on  ZTA  graphite  led  to  a  hoop  tension  failure  In  the  substrate. 
Second,  the  orientation  of  the  substrate  anisotropy  cannot  actually  match 
the  coating  anisotropy  orientation  as  assumed  in  the  cilculation  since 
the  ZIA  is  a  molded  graphite.  The  experimental  substrate  was  cut  with 
its  axis  across  the  molded  billet  so  that  the  hoop  and  radial  properties 
are  alternately  with>grain  and  ecross-grain  at  90*  intervals  of  rotation. 
Hatching  of  the  axial  direction  of  the  substrate  with  the  with-grain 
direction  of  the  ZTA,  to  provide  the  reduction  in  axial  stresses,  was 
achieved. 


Perhaps  the  most  significant  results  in  Table  V,  at  least  for 
support  of  the  firing  tests  in  the  current  program,  are  those  for  the 
fibrous  graphite  (PT-0114).  Bach  stress  calculated,  with  the  possible 
exception  of  the  thickest  coating  on  the  subscale  substrate  appears  to 
be  of  a  tolerable  amgnitude.  Experimental  evidence  confirms  these  pre* 
dictions  since  coatings  51  mils  thick  on  the  subscale  substrate  and  100 
ails  thick  on  the  fullscale  substrate  were  deposited  without  stress 
failure.  The  calculated  axial  tension  in  the  substrate  ia  of  the  same 
order  as  the  published  cross-grain  strength  of  the  material  (Ref.  11), 
but  no  evidence  of  substrate  delemination  was  noted.  It  is  quits  possible 
that  aome  permanent  deformation  of  this  type  of  substrate  is  possible 
without  the  appearance  of  discrete  cracks.  Although  the  low  grade  prop¬ 
erties  of  fibrous  graphite  do  not  recommend  it  on  first  exasdnation  as 
the  a»st  desirable  substrate,  the  use  of  this  type  of  substrate  did 
provide  a  useful  advance  in  the  technology  of  coated  inserts  for  full- 
scale  tests  in  this  progrms.  Further  work  will  be  required  to  determine 
whether  another  substrate  selection  would  be  optimum  or  whether  the 
fibrous  material  does  represent  a  preferred  approach. 

The  extruded  graphite  (Speer  580)  was  selected  because  it  had 
better- than-average  strength  properties  for  an  extruded  grade  and  an 
unusually  low  thermal  expansion  in  the  with-grain  (axial)  direction.  The 
improved  match  in  expansion  in  the  axial  direction  loads  to  reduced  axial 
tension  in  the  substrate  as  seen  In  Table  V.  Both  the  radial  and  hoop 
stresses  in  the  coating  on  this  extruded  graphite  were  calculated  to  be 
higher  than  for  the  molded  (ATJ)  substrate.  Assuming  a  dual  criterion 
for  coating  integrity,  namely,  low  radial  strsss  in  the  coating  and  low 
axial  stress  in  the  substrate,  the  calculations  predict  qualitatively 
the  observed  results  for  coatings  deposited  on  Speer  580  graphite. 

Coatings  up  to  47  mils  in  thickness  were  uncrackod,  but  at  64-mil  thick¬ 
ness  delamination  cracks  were  noted.  It  should  be  noted  that  bacause 
of  the  interest  in  thicker  coatinga  for  the  final  fullscale  motor  firing. 
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the  coating  thickness  considered  for  the  calculations  in  Table  V  for  the 
Speer  580  was  increased  to  120  sdls.  A  more  detailed  coaparison  of  the 
calculated  stresses  in  coatsd  inserts  with  experiaental  observation  of 
delaaination  cracks  is  aside  after  the  description  of  the  deposition  studies 
in  tha  next  section  of  this  report. 
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4.0  DEPOSITION  STUDIES 


A.  GENERAL 

Rocket  motor  firing  tests  were  the  basis  of  the  feasibility  demon¬ 
stration  of  pyrolytic  graphite  coated  nozzles.  However,  no  motor  firings 
could  be  achieved  without  the  prior  preparation  of  suitable  inserts.  All  of 
the  inserts  tested  in  this  program  were  fabricated  in  the  laboratories  of 
Atlantic  Research  Corporation.  The  integration  of  the  deposition  studies  and 
the  motor  test  evaluation  work  was  a  very  distinct  advantage  in  this  program. 
Deposition  work  was  carried  forward  until  inserts  suitable  for  testing  were 
produced.  Following  the  test  in  a  motor  firing  of  a  given  Insert,  it  was 
possible  to  return  immediately  to  the  deposition  study  in  order  to  prepare 
further  and  improved  coated  inserts.  In  this  way,  the  maximum  feedback  of 
information  from  the  evaluation  phase  was  available  to  guide  the  deposition 
work. 


The  equipment  and  procedures  used  in  the  deposition  of  pyrolytic 
graphite  coatings  was  fully  described  in  Reference  1.  All  of  the  coatings 
were  deposited  at  a  substrate  temperature  of  2000*C  with  methane  as  the 
carbonaceous  source  gas.  The  density  of  coatings  prepared  under  these  con¬ 
ditions  'is  typically  2.17  gm/cu  cm.  X-ray  diffraction  indicates  typical 
values  as  follows: 


d-spaclng  ■  3.45  X 

crystallite  size:  Lc  >  7SA*;  La  >  12(& 

The  deposition  conditions  which  were  varied  to  control  the  nature  and  thick¬ 
ness  of  the  coatings  included  the  flow  geometry,  the  flow  rates,  and  the 
deposition  time.  Deposition  work  was  carried  out  to  prepare  subscale  in¬ 
serts  of  nominal  1.1-inch  throat  diameter  and  fullscale  Inserts  of  nominal 
2.3-lnch  dlairater.  The  results  of  the  deposition  study  in  each  size  range 
are  discussed  separately. 

B.  SUBSGRLB  INSERTS 

The  initial  deposition  work  was  carried  out  with  subscalc  inserts. 
Since  the  basic  design  of  the  test  nozzle  utilized  an  insert  segment  coated 
with  pyrolytic  graphite  which  was  only  long  enough  to  provide  the  required 
diawnsloi'ml  stability  at  the  throat  of  the  nozzle,  an  excellent  opportunity 
existed  to  study  the  quality  of  the  coated  insert  at  both  the  upstream  and 
downstreasi  edges  of  the  insert.  The  examination  of  the  microstructure  and 
quality  of  the  coating  was  carried  out  by  microscopic  examination  of  the 
polished  cross-section.  This  examination  is  indlspenslble  if  the  perform¬ 
ance  of  the  nozzle  is  to  be  related  to  the  pre-firing  condition. 

The  radius  of  curvature  of  the  subscale  Insert  was  chosen  to  be 
three  times  the  nominal  throat  radius.  The  length  of  the  coated  insert  was 
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selected  as  1.22  Inches  so  Chet  the  inlet  Joint  fell  et  an  area  ratio  of  2 
relative  to  the  throat  and  the  outlet  joint  occurred  at  the  15*  tangent  point 
to  match  the  expansion  cone  half  angle.  Several  coated  inserts  were  pre¬ 
pared  on  molded  graphite  substrates  of  this  configuration  prior  to  the  first 
motor  test.  In  each  Insert,  significant  delamlnation  cracking  was  found  at 
the  exit  end  of  the  coating  during  microscopic  examination.  The  cracks  were 
always  in  the  coating,  never  at  the  substrate  surface.  These  cracks  often 
originated  during  the  machining  of  the  insert  piece  from  the  coated  substrate 
tuba  but  changes  in  machining  practice  did  not  eliminate  the  cracks.  When 
initial  changes  in  the  deposition  conditions  failed  to  eliminate  these 
cracks,  it  was  decided  to  motor  test  a  typical  insert  containing  a  delamina¬ 
tion  crack  at  the  exit  end.  The  microstructure  of  both  the  inlet  and  exit 
end  of  the  coated  insert  selected  for  the  first  subscale  firing  is  shown  in 
Figure  7.  The  crack  in  the  exit  end  which  averaged  about  1  mil  in  width 
and  was  about  10  to  IS  mils  above  the  substrate  is  typical  of  all  those 
observed  in  the  subscale  insert  deposition  work. 

The  cracking  observed  in  the  initial  coatings  on  subscale  inserts 
was  always  at  the  exit  end  of  the  insert  and  seemed  to  be  aggravated  by  the 
machining  operation  following  deposition.  Therefore,  a  modification  of  the 
substrate  design  was  made  so  that  no  machining  was  required  at  the  exit  end 
of  the  coated  section  following  deposition.  A  small  wrap-around  section  of 
the  coating  at  the  exit  end  prevented  microscopic  examination  of  the  coating 
there,  but  a  partial  crack  at  the  inlet  end  of  the  test  section  was  noted. 

To  compare  the  effect  of  the  stress  relief  crack  at  the  inlet  with  the  crack 
at  the  exit  end,  this  insert  was  selected  for  the  second  subscale  motor  test. 

The  next  modification  in  the  deposition  work  for  subscale  inserts 
consisted  of  the  use  of  an  extruded  graphite  substrate.  The  improved  match 
of  thermal  expansion  coefficients  in  the  axial  direction  was  expected  to 
Improve  the  crack  resistance  of  the  coating.  A  flaw-free  coating  was  pre¬ 
pared  on  an  extruded  graphite  substrate,  but  during  final  machining  on  the 
outside  diameter  of  the  substrate,  a  hoop  tensile  failure  occurred  in  the 
substrate  because  of  the  lower  strength  of  the  extruded  graphite  in  this 
direction.  This  substrate  failure  propagated  into  the  coating  and  caused 
it  to  crack  also.  At  this  point  in  the  subscale  program,  the  use  of  ex¬ 
truded  graphite  substrates  was  set  aside  in  favor  of  other  process  modifi¬ 
cations.  Only  a  limited  number  of  subscale  inserts  were  required  so  that 
success  with  other  process  modifications  prevented  the  return  to  the  study 
of  extruded  graphite.  Thus,  the  possibility  of  preparing  coatings  on  sub¬ 
scale  substrates  of  extruded  graphite  was  not  fully  exploited. 

Success  had  been  achieved  in  an  earlier  program  (  Ref.  1)  in  pre¬ 
paring  crack-free  inserts  of  a  sise  almost  Identical  to  the  current  sub¬ 
scale  design.  A  re-study  of  these  deposits  indicated  a  subtle  variation  in 
coating  structure  especially  in  the  exit  end  of  the  nozsle  where  the  current 
problem  with  delamination  flaws  was  most  prevelant.  By  following  this  line 
of  attack  and  making  further  changes  in  the  process  conditions,  a  steady 
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advance  In  our  capability  to  prepare  flew- free  coatings  was  made  In 
the  subscale  system.  The  first  flaw-free  coated  Insert  prepared  and 
fully  machined  for  firing  had  a  coating  thickness  of  approximately  23  nils 
at  the  throat.  The  nicrostructure  of  this  coating,  which  was  successfully 
tested  in  subscale  Firing  No.  3,  is  shown  in  Figure  8.  The  increased  re- 
nucleation  in  this  costing  is  apparent  compared  to  that  in  Figure  7. 

Following  the  preparation  of  this  relatively  thin  crack- free  coat¬ 
ing  deposition  work  continued  along  the  same  line  and  crack-free  coatings  as 
thick  as  54  mils  were  successfully  deposited  on  subscalo  molded  graphite 
substrates.  The  microstructure  of  the  54-mil  coating,  tested  in  subscsle 
Firing  No.  4  is  shown  in  Figure  9.  The  upper  limit  of  coating  thickness 
which  can  be  made  by  the  preferred  deposition  technique  with  a  molded  graph¬ 
ite  substrate  of  the  subscsle  configuration  was  not  determined  since  the  re¬ 
quirements  of  the  motor  test  program  for  test  nozzles  was  fulfilled  before 
this  limit  was  reached.  The  requirement  for  fullscele  inserts  then  took 
precedence  over  further  laboratory  study  on  subscsle  inserts.  The  fact  that 
discrete  coating  losses  occurred  during  motor  test  of  the  54-mil-thick  coat¬ 
ing,  as  discussed  later  in  this  report  (Section  5.B.4.),  suggests  that  the 
upper  limit  was  at  hand.  The  residual  stresses  plus  the  stress  factors 
associated  with  the  nozzle  conditions  apparently  led  to  progressive  costing 
failure . 


Prior  to  the  completion  of  the  subscsle  deposition  work,  enough 
study  of  the  deposition  process  for  fullscale  inserts  was  completed  to  in¬ 
dicate  that  significant  problems  could  be  anticipated  in  preparing  flaw- 
free  coatings  of  sufficient  thickness  for  full  duration  motor  firings.  Thus, 
the  final  work  on  subscsle  deposition  consisted  of  an  exploratory  test  of 
the  suitability  of  a  low  modulus,  fibrous  graphite  as  a  substrate  materiel. 

A  flaw-free  coating  51  mils  thick  was  deposited  on  a  fibrous  substrate. 

Hore  important  for  the  timely  pursuit  of  the  program  objectives,  this  coated 
insert  was  successfully  tested  on  subscale  motor  Firing  No.  5,  as  described 
below  in  Section  5.B.S. 

C.  rULLSCALB  INSERTS 

Deposition  studies  with  fullscale  substrates  were  started  during 
the  fourth  month  of  the  program  and  were  continued  for  the  remainder  of  the 
program.  Thus,  during  the  middle  of  the  contract  period  subscale  and  full- 
scale  deposition  work  proceeded  concurrently.  This  approach  was  adopted  so 
that  maximiiB  use  could  be  made  of  the  infonsation  gained  in  the  deposition 
work.  Deposition  procedures  suitable  to  only  one  size  insert  were  thus 
avoided. 


In  the  preparation  of  fullscale  inserts  the  substrate  system  wss 
segmented  so  that  the  insert  was  separate  from  the  inlet  and  outlet  sections. 
This  design  reduced  the  asmunt  of  machining  required  on  the  coated  insert 
and  thus  largely  eliminated  this  poaslble  source  of  dasuge  to  the  coatings. 
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Figure  8.  Microsturcture  of  Pyrolytic.  Graphite  Coating  at  Entrance 
of  Insert  for  Subscale  Firing  Number  3  (X150). 
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Figure  9.  Microstructure  of  Pyrolytic  Graphite  Coating  on  Insert 
for  Subscale  Firing  ^mber  4. 
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For  the  larger  scale  pieces  this  design  also  provided  a  significant  cost  re¬ 
duction  in  preparation  of  the  fixtures. 

In  the  Initial  deposition  work  with  fullscale  inserts,  delamination 
cracks  were  observed  at  coating  thickness  of  the  same  order  of  magnitude  as 
those  which  led  to  cracks  in  the  subscalc  coatings .  At  first  this  was  some¬ 
what  surprising  since,  in  general,  the  principal  stresses  caused  by  coating 
anisotropy  are  roughly  a  function  of  the  ratio  of  coating  thickness  to  radf- 
of  curvature  rather  than  to  the  absolute  value  of  the  coating  thickness. 
However,  stresses  produced  by  mismatch  of  substrate  and  coating  expansion 
properties  are  more  nearly  dependent  on  the  linear  measurements  of  the  com¬ 
posite.  Thus,  the  observed  behavior  suggests  a  dominate  role  of  thermal  ex¬ 
pansion  stresses  in  the  delamination  phenoiaenon. 

A  qualitative  observation  of  note  made  on  the  early  fullscale 
inserts  was  that  the  nature  of  the  cracking  was  somewhat  different  from  that 
seen  on  the  subscale  inserts.  (In  the  fullscale  inserts  cracking  occurred 
largely  at  or  very  near  the  substrate-coating  interface.  On  the  subscalc 
inserts  the  cracks  were  generally  complately  within  the  coating,  most  often 
two- tenths  or  more  of  the  coating  thickness  away  from  the  interface. 

Prior  to  the  achievement  of  flaw- free  fullscale  coatings  of  usable 
thickness,  one  insert  containing  a  typical  microscopic  delamination  separa¬ 
tion  at  the  exit  end  was  selected  for  motor  test.  The  microstructure  of 
this  coating  at  each  end  is  shown  in  Figure  10. 

The  observations  regarding  delamination  cracks  in  fullscale  coat¬ 
ings  led  to  emphasis  on  two  factors  in  the  deposition  work.  First,  to 
achieve  maximum  bond  strength  a  thermal  pre treatment  of  the  substrate  was 
adopted,  this  pretreatment  was  performed  following  all  machining  oper¬ 
ation  Just  prior  to  the  daposition  run.  A  sooty  layer  on  the  surface  was 
found  on  some  inserts  following  pretreatment  and  that  would  likely  be  detri¬ 
mental  to  the  coating-substrate  bond,  the  substrate  was  dry  polished  follow¬ 
ing  pretreatment  to  provide  a  clean  deposition  surface. 

The  second  factor  emphasized  to  Improve  the  integrity  of  full- 
scale  coatings  was  the  selection  of  different  grades  of  graphite  as  sub¬ 
strates  in  an  effort  to  improve  the  compatibility  of  coating  and  substrate. 
The  use  of  an  extruded  graphite  (Speer  580)  provided  sufficient  relief  for 
the  incompatibility  problem  (principally  in  the  axial  or  with-grain  direct¬ 
ion)  so  that  a  flaw-free  coatirg  47  mils  thick  was  prepared.  The  micro¬ 
structure  of  this  coating,  which  was  motor  tested  in  fullscale  Firing  No.  2, 
is  shown  in  Figure  11.  A  similar  coating  of  64  nils  thickness  on  the  Speer 
580  contained  a  delamination  crack. 

To  achieve  still  thicker  coatings  without  cracks,  substrates  were 
machined  from  a  low  modulus,  fibrous  graphite  (National  Carbon  TT-0114). 
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a.  Entrance  (X150) 


b.  Exit  PCISO)  /|12756 

Figure  10.  Microstructure  of  Pyrolytic  Graphite  Coating  on  Insert 
for  Fullscale  Firing  Number  1. 


a.  Fullscale  Firing  Number  2;  Exit  (XI 50) 


b.  Fullscale  Firing  Number  3;  Exit  (X150) 


>1^2751 


Figure  11.  Microstructure  of  Pyrolytic  Graphite  Coating  on  Insert 
for  Fullscale  Firings  Number  2  and  Number  3. 
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^rolytlc  graphite  coatings  as  thick  as  100  mils  were  successfully  deposited 
on  this  type  of  substrate  ir«terial  without  observable  delamination  cracks. 

A  coating  of  75  mils  thickness  on  the  fibrous  graphite  substrate  was  selected 
fbr  test  in  fullscale  Firing  No.  3.  The  microstructure  of  this  coating  is 
shown  in  Figure  11. 

The  thickest  coating  prepared  on  this  program,  which  was  also  de* 
posited  on  the  fibrous  type  substrate,  was  selected  for  fullscale  Firing 
No.  4.  The  microstructure  typical  of  this  coating  is  Illustrated  in  Figure 
12.  The  as'deposlted  coating,  which  was  101  mils  thick,  contained  a  number 
of  nodules  which  had  grown  to  various  sises  up  to  the  order  of  a  tenth  of 
an  inch  in  diameter.  Microscopic  examination  of  the  polished  edge  of  the 
coating  revealed  that  the  local  flaws  in  those  nodules,  which  are  character¬ 
istic  of  any  nodule,  were  more  severe  than  usual.  Because  of  the  surface 
roughness  introduced  by  these  nodules,  the  surface  was  hand-polished  prior 
to  monor  test.  To  define  the  effect  of  this  polish  .tg  operation  in  the  area 
of  the  local  flaws,  photomicrographs  were  made  both  before  and  after  this 
smoothing  step.  Views  of  typical  nodule  regions  both  as  deposited  and  after 
surface  polishing  are  shown  in  Figure  13.  It  is  apparent  that  the  polishing 
did  not  significantly  interact  with  the  pre-existing  local  flaws  except  that 
it  allowed  some  of  these  flaws  to  be  exposed  at  the  finished  surface.  The 
local  flaws  lie  along  the  locally  distorted  direction  of  the  pyrolytic 
graphite  liyer  planes.  Polishing  the  surface  in  the  region  of  a  nodule 
cuts  across  the  layer  p‘.snes  locally  and  consequently  exposes  the  edge  of 
the  planes  in  these  areas.  The  role  of  local  flaws  in  increasing  the  erosion 
rate  of  a  pyrolytic  graphite  coating  was  not  determined  quantitatively,  but 
qualitatively  it  can  be  surmised  that  some  loss  in  erosion  resistance  is 
Inevitable.  This  assissption  was  borne  out  in  the  results  of  the  fourth 
fullscale  firing  described  later.  Optimisation  of  the  coating  structure 
and  reduction  of  the  nodule  population  were  beyond  the  scope  of  this  feasi¬ 
bility  program  but  the  incentive  for  such  an  effort  was  indicated. 

D.  COfUtBlATION  OF  RESIDUAL  STRESSES  AND  OBSERVED  CRACKS 

In  the  preceding  major  section  of  this  report,  the  residual 
stresses  calculated  for  coated  composites  were  presented.  In  this  section, 
the  e3q>erlinental  evidence  of  de lamination  cracking  was  outlined.  In  Table 
VI,  the  data  pertinent  to  the  establishment  of  failure  stress  criteria  are 
summarised,  ivo  calculated  stress  values,  the  radial  tension  in  the  coating 
and  the  axial  tension  in  the  substrate,  are  listed  for  the  thickest  crack- 
free  coatings  and  the  thinnest  coatings  which  contained  cracks  for  each 
substrate  material  used.  As  outlined  in  the  introduction  to  the  stress 
analysis  discussion,  the  two  types  of  tensile  stress  listed  are  those  which 
are  conaistent  with  the  nature  of  the  cracks  observed.  Examination  of 
Table  VI  indicates  failure  criteria  which  are  consistent  with  all  the 
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a.  Entrance  (X150) 


D.  fixii  >1(2754 

Figure  12.  Microstructure  of  Pyrolytic  Graphite  Coating  on  Insert 
for  Fullscale  Firing  Number  4. 


a.  As  Deposited  (X60) 


b.  After  Surface  Polishing  (X60) 


>912753 


Figure  13.  Local  Flaws  Associated  with  Nodules  in  Coating  on  Insert 
for  Fullscale  Firing  Number  4. 
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Tabu  VI 


Corralatlon  of  Calculatod  Straaaaa 
and  Obaarvad  Dalaadnation  Cracka 

Calculatad  Straaaaa* 


Subatrata 

Tvna 

Coating  Thicknaaa 

(•il) 

Cracka 

ladial  in 
Coating 

(pai) 

Axial  in 
Subatrata 

(pai) 

A.  Subacala.  1 

.i2  inch  Diaaatar 

ATJ 

54 

No** 

100 

950 

Fibroua 

51 

No 

280 

260 

B.  Fullacala. 

2.30  inch  Dianatar 

ATJ 

22 

No 

CoBipraaaiva 

520 

ATJ 

42 

Yaa 

Coapraaaiva 

920 

S80 

47 

No 

220 

520 

580 

64 

Yaa 

340 

510 

Fibroua 

100 

No 

230 

400 

* 

Intarpolatad  and  axtrapolatad  fro«  data  in  Tabla  V. 

No  cracka  obaarvad,  but  coating  failed  during  aotor  taat. 
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•xp«rla»nt«l  evidence  gethered.  The  stress  values  underlined  In  the  table 
are  called  to  the  reader's  attention  as  those  which  appear  critical.  A 
radial  tanslle  stress  level  In  the  coating  between  280  and  340  psl  separates 
the  crack-free  and  cracked  condition.  An  axial  tensile  stress  In  the  sub¬ 
strate  between  520  and  920  psl  appaars  critical.  In  the  case  of  the  54-iill 
coating  on  the  sid>scale  ATJ  substrate,  no  cracks  were  observed  although  the 
axial  tension  In  the  substrate  was  calculated  to  be  950  psl.  However,  this 
coating  fallad  and  waa  reisovod  during  aotor  test  which  suggests  a  resldxial 
stress  condition  close  to  the  failure  level. 

Although  the  absolute  values  of  the  failure  stresses  Indicated 
are  subject  to  the  approxlMtlons  Involved  In  the  calculations,  the  discovery 
of  a  salf-conslstent  body  of  calculated  and  experixental  evidence  on  de- 
Isalnatlon  cracking  Is  significant.  Optialzatlon  of  fabrication  technology 
can  be  pursued  by  reduction  of  the  residual  stresses  or  by  increasing  the 
tolerance  of  the  pyrolytic  graphite  for  these  stresses.  The  advances  ach¬ 
ieved  In  the  deposition  work  on  this  program  came  from  work  along  both  of 
these  paths,  but  further  advances  should  be  possible  beyond  the  scope  of 
this  program. 
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3.0  HOTOR  FIRING  TESTS 

Tht  focal  point  of  tha  entire  program  to  determine  the  feaalblllty 
of  pyrolytic  graphite  coated  noazla  Inaerts  vaa  the  motor  firing  evaluation. 

To  prove  the  feaalblllty  of  a  nozzle  material,  critical  motor  firing  teats 
must  be  completed  successfully.  The  goal  of  this  progrw  was  to  prove  the 
suitability  of  a  pyrolytic  graphite  coated  nozzle  for  service  with  a  F 
propellant  and  a  antor  pressure  of  700  psl  In  a  reasonably  size  system  and  for 
a  realistic  firing  duration.  To  achieve  this  goal.  In  addition  to  the 
analytical  and  deposition  work  described  elsewhere,  a  series  of  subscale 
and  fullscale  motor  firings  was  carried  out.  Tha  subscale  motor  firings 
using  a  nozzle  of  1.1-lnch  throat  diameter  for  a  motor  of  approximately 
IICX)  pounds  thrust  %fere  carried  out  to  define  the  suitability  of  tha  basic 
design  and  material  for  critical  nozzle  service.  Following  the  subscala 
effort,  a  series  of  fullscale  firings  using  a  nozzle  of  2. 3~lnch  throat 
diameter  with  a  atotor  of  approximately  U60O  pounds  thrust  was  carried  out 
to  demonstrate  usable  service  In  sufficiently  large  nozzles  to  be  Indicative 
of  the  merit  of  py/.'olytlc  graphite  coating.  la  the  follo%ilng  sections, 
the  motor  firing  procedures  and  the  results  of  the  subscale  and  fullscale 
firings  are  discussed  separately. 

A.  TEST  PROCEDURE 

The  motors  used  for  both  subscale  and  fullscale  nozzle  tests 
were  of  an  Insulated  heavyweight  design  and  were  filled  with  gel  propellant. 
The  use  of  gel  propellant  and  a  heavy-twlght  motor  design  leads  to  a  mini¬ 
mum  cost  program  of  nozzle  materials  evaluation.  The  propellant  used  In 
all  firings  In  this  program  was  a  hlghW  aluminized  solid  propellant  having 
a  theoretical  flame  temperature  of  6^3(7  F  and  moderately  oxidising  com¬ 
bustion  products.  This  propellant  Is  designated  at  Atlantic  Research  as 
APG-112.  The  characteristics  of  this  propellant  are  summarized  In  Table  VII. 

Each  test  nozzle  was  fabricated  and  assembled  In  our  laboratory 
and  shops  and  then  transported  to  the  rocket  test  bay.  Figure  lU  is  a 
photograph  of  the  fullscale  test  motor  In  operation.  The  level  of  the 
motor  pressure  and  changes  In  the  motor  pressure  along  with  pre-  and  post¬ 
firing  maasuresmnts  and  exsBd.nations  define  the  erosion  performance  of  a 
nozzle  material.  Thermocouple  Instrumentation  was  placed  on  the  first 
nozzle  tested  to  confirm  the  design  selection  but  teaiperature  Instrumen¬ 
tation  was  not  used  on  later  tests. 

B.  SUBSCALE  MOTOR  FIRINGS 

A  total  of  five  subscale  evaluation  tests  were  successfully 
completed.  The  design  philosophy  for  both  the  subscale  and  fullscale 
nozzles  utilised  the  segmented  concept  In  which  the  pyrolytic  graphite 
coated  Insert  was  only  a  segment  large  enough  to  provide  dimensional 
stability  at  the  throat.  A  nuBd>er  of  other  segments  were  used  to  form 
the  total  nozzle  contour  and  support,  back-up,  and  Insulate  the  exposed  seg^ 
ments.  The  basic  design  used  In  all  of  the  subscale  nozzles  Is  shown  in  the 
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Table  VII.  Characteristics  of  AFG-112  Propellant 


CHAMBER 

EXHAUST 

Specific  Impulse  (lb-sec/ lb) 

262.4 

Characteristic  exhaust  velocity  (ft/sec)  5042 

Temperature  (*K) 

3894 

2719 

Specific  Heat  (cal/100~-*R) 

44.26 

42.96 

Moles  of  gas  (g  moles/ lOOg) 

2.9833 

2.7849 

Pressure  (psia) 

1000 

14.699 

Combustion  Products 
g  moles/ lOOg 

C 

0.0000 

0.0000 

H 

0.2678 

0.1057 

0 

0.0074 

0.0003 

N 

0.001 

0.0000 

Cl 

0.0648 

0.0333 

A1 

0.0121 

0.0003 

CO 

0.5403 

0.5465 

0.0191 

0.0128 

CH 

0.0000 

0.0000 

HCN 

0.0000 

0.0000 

*4 

0.9790 

1.1281 

HjO 

0.2909 

0.1758 

HCl 

0.3494 

0.4904 

O2 

0.0009 

0.0000 

OH 

0.0492 

0.0048 

«2 

0.2659 

0.2682 

NO 

0.0042 

0.0002 

NH 

0.0003 

0.0000 

NHj 

0.0001 

0.0000 

NH. 

0.0000 

0.0000 

<=4 

0.0001 

0.0000 

■  ? 

U 
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Table  VII.  (Continued) 


Combustion  Products 

AlH 

0.0017 

0.0000 

AlO 

0.0045 

0.0000 

AljO 

0.0023 

0.0000 

AI2O2 

0.0003 

0.0000 

Aid 

0.1112 

0.0168 

AlClj 

0.0051 

0.0010 

AICI3 

0.0006 

0.0002 

AlOCl 

0.0059 

0.0004 

C  (solid) 

0.0000 

0.0000 

AI2O3  (liquid) 

0.4335 

0.4973 

AI2O3  (solid) 

0.0000 

0.0000 

AIN  (solid) 

0.0000 

0.0000 
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Figure  14.  Fullscale  Test  Motor  During  Firing. 
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ai*cad)ly  drawing,  Figure  13*  Tha  actual  aegnenti  uaad  in  one  of  the  aubacale 
noazlaa  are  pictured  prior  to  aaaeiri>ly  in  Figure  l6. 

For  the  aubacale  nozzlaa  the  radiua  of  curvature  of  the  inaert 
aubatrate  waa  choaen  to  be  approxlaiately  three  tizMa  the  throat  radiua. 

The  length  of  the  coated  inaert  waa  aelected  ao  that  the  Joint  line  at 
the  inlet  end  waa  at  an  area  ratio  of  2  relative  to  the  throat,  and  the 
exit  Joint  line  occurred  at  the  1^  tangent  point  to  Batch  the  expanaion 
cone  half  angle.  Prevl(»ua  work  had  indicated  the  deairability  of  protecting 
the  inlet  edge  of  the  coated  inaert  from  exceaaive  expoaure  to  the  flow  of 
coad>uation  gaaea.  For  convenience  in  thia  progran,  a  aingle  plate  of 
pyrolytic  graphite  in  the  edge*oriented  poaition  waa  placed  laaMdiately 
upatream  of  the  pyrolytic  graphite  coated  throat  inaart.  In  a  flight- 
weight  nozzle  deaign,  the  optiaaiB  aelection  for  the  entrance  aection 
Bight  «m11  be  a  aecond  pyrolytic  graphite  coated  aegBent.  For  the  teat 
nozzlea  in  thia  prograi  the  pyrolytic  graphite  plate  and  the  inaulation 
thickneaaea  were  aelected  to  provide  nozzle  integrity  in  accordance  %ilth 
the  reaulta  of  the  thetBal  analyaia  diacuaaed  in  another  aection. 

To  provide  for  the  therBal  expanaion  of  the  expoaed  aeg^nta  in 
each  teat  nozzle,  celculationa  were  Bade  of  the  expanaion  to  be  expected 
froB  each  aegzMnt  ao  that  expanaion  Jointa  could  be  inatalled  at  aelected 
locaMona.  The  total  expanaion  of  each  of  the  expoaed  aegxenta  ahoun  in 
the  aaaeBbly  drawing.  Figure  13  waa  calculated  aa  follo%fa: 

(1)  Entrance  aection  1-19  Bila. 

(2)  Entrance  aection  2  •  23  nila. 

(3)  Throat  aection  -  16  Bila. 

(U)  Firat  exit  aection  •  18  Bila. 

(3)  Exit  cone  -  ^  Bila 

To  accooandate  theae  expanaiona  the  following  deaign  deciaiona 

were  Bade: 

(1)  The  expanaion  of  tha  firat  inlet  aection  would  be  taken 
by  the  ahrinkage  and  cruahing  of  the  reinforced  plaatic  at  the  nozzle 
entrance. 

(2)  An  expanaion  Joint  30  Bila  thick  waa  placed  at  the  entrance 
end  of  the  aecond  entrance  aection  to  accoaawdate  30  per  cent  of  the  total 
expanaion  of  the  aecond,  third  and  fourth  aegnenta  of  the  nozzle.  A 
ailicone  rubber  expanaion  gaaket  waa  uaad  at  thia  upatrean  location  in 
all  teata. 


47 


APRPL-TR-65-57 


49 


Figure  16.  Components  of  Subscale  Nozzle  Prior  to  Assembly. 
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(3)  A  lecond  expansion  Joint  between  the  fourth  and  fifth  seg¬ 
ment  might  be  required  to  accoDBK>dute  the  expansion  in  this  region.  The 
second  expansion  Joint  utilized  in  the  first  test  was  found  unnecessary  and 
eliminated  in  subsequent  tests.  (U) 

A  sunmuiry  of  all  of  the  evaluation  data  obtained  in  the  BK>tor 
test  firings  is  contained  in  Table  VIII.  In  the  follo%fing  sections,  each 
of  the  subscalc  firings  is  described  and  discussed  separately,  and  then  a 
comparison  and  discussion  of  the  implications  of  these  firings  is  presented,  (u) 

1.  Subscale  Firing  No.  1 

The  first  subscale  firing  was  carried  out  prior  to  the  point  in 
the  deposition  study  when  delsmination  flaws  were  eliminated.  The  insert 
salactcd  for  this  test  had  a  coating  thickness  of  38  nils  at  the  throat 
and  contained  a  microscopic  delsmination  at  the  exit  end  of  the  insert. 

Nozzle  erosion  during  this  test  was  smooth  as  can  be  seen  from  the  motor 
pressure  trace  in  Figure  I7,  but  the  rate  of  erosion  was  greater  than 
that  predicted  for  a  good  coating.  The  erosion  was  sufficient  to  remove 
the  entire  coating  during  the  38  second  duration  at  an  average  siotor 
pressure  of  ^6k  psi.  Figure  18  shows  that  although  insert  erosion  was 
higher  than  desirable,  the  general  condition  of  the  remainder  of  the 
nozzle  was  satisfactory.  (C) 

The  over-all  average  radial  erosion  rate  calculated  from  pre- 
and  post-firing  throat  dimensions  was  I.9I  mils  per  second.  Post-firing 
axsadnation  of  the  nozzle  and  ballistic  calculations  based  on  the  motor 
pressure  trece  suggest  the  following  series  of  events  likely  took  place 
in  this  test.  (C) 

A  significant  initial  loss  of  coating  occurred  within  the  first 
3  seconds  or  so,  probably  at  the  exit  end  of  the  insert.  For  a  major 
portion  of  the  firing,  erosion  proceeded  by  minor  spellation  and  edge 
chipping  at  the  exit  end  of  the  coating  to  yield  an  avarags  erosion 
rate  of  about  1.2  mils  per  second.  During  this  period  the  location  of 
the  throat  plane  apparently  laoved  upstream.  Finally  more  rapid  erosion 
occurred  near  the  end  of  the  firing  as  a  greater  amount  of  the  substrate 
graphite  was  exposed.  In  Figure  I9  the  estimated  throat  radii  during 
this  firing  are  shown  as  determined  by  a  ballistic  calculation  from 
point  to  point  along  the  motor  pressure  curve.  It  was  indicated  by  this 
firing  that  the  pyrolytic  graphite  coating  was  not  likely  to  be  tolerant 
of  delsmination  flaws  under  service  conditions  so  severe  as  used  in  this 
program.  (C) 

2.  Subecale  Firing  No.  2 

The  insert  tested  in  the  second  subscale  firing  had  a  wrap¬ 
around  coating  contour  at  the  exit  end,  but  it  still  contained  a  partial  (C) 
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Subscale  Firing  No.  1 


Subscale  Firing  No.  2 

Figure  17.  Motor  Pressure  Traces  for  Subscale 
Firings  No.  1  and  No.  2. 
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Figure  18..  Axial  View  from  Entrance  End  of  Nozzle  After  Subscale  Flrin?Na^l. 
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Figure  19.  Calculated  Throat  Radii  During  Subscale  Firing  No.  1. 
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delnlnation  flaw  at  the  entrance  end.  The  performance  of  this  insert  was 
poor  and  reinforced  the  belief  that  coatings  are  not  tolerant  of  delanlnatlon 
flaws  under  severe  service  conditions.  The  pressure-time  trace  for  this 
firing  (Figure  17)  shows  clear  evidence  of  the  loss  of  sections  of  the 
coating  during  test.  The  total  firing  duration  was  83  seconds  and  the 
coating  was  completely  removed  during  test.  The  average  radial  erosion  rate 
calculated  from  pre-  and  post-test  measurements  was  2.U3  mils  per  second 
which  clearly  indicates  the  combined  erosion  of  the  coating  and  later  the 
substrate.  The  relatively  smooth  pressure  regression  '-Ith  the  exception 
of  the  sudden  pressure  losses  associated  with  coating  spallation  suggests 
that  the  coating  eroded  progressively  from  the  downstrema  edge  towards  the 
entrance  and  provided  some  protection  for  the  substrate  during  much  of 
the  firing  period.  (C) 

3.  Subacale  Firing  No.  3 

The  third  subscale  firing  was  the  first  test  of  a  pyrolytic  gra¬ 
phite  coated  Insert  which  showed  no  visible  cracks  upon  microscopic  examina¬ 
tion  of  both  ends  of  the  Insert.  The  average  erosion  rate  of  0.55 
second  at  an  average  antor  pressure  of  6I8  psl  demonstrated  the  basic 
serviceability  of  a  pyrolytic  graphite  coating  when  the  coating  Integrity 
la  maintained.  The  coating  thickness  on  the  Insert  tested  was  only  23  mils 
at  the  throat  so  that  the  firing  duration  was  reduced  to  3^.8  seconds. 

The  autor  pressure  trace  shown  In  Figure  20  reflects  the  excellent  perfor¬ 
mance  of  this  nozzle.  (C) 

A  aK>st  Interesting  and  unique  result  of  the  firing  test  on  the 
coating  was  observed  In  post-flrlng  microscopic  examination.  The  Integrity 
of  the  coating  was  In  no  way  decreased  by  the  firing,  but  clear  evidence 
of  soma  plastic  deformation  of  the  pyrolytic  graphite  coating  was  found. 

This  evidence  for  deformation  Is  shown  In  two  views  of  the  post-flrlng 
microstructure  In  Figure  21.  Markings  In  the  coating  resembling  slip 
bands  were  found  at  nusterous  points  In  the  coating.  The  lower  view  In 
Figure  21  Includes  a  void  area  generated  In  the  substrate  beneath  the 
coating  \dilch  appears  to  have  altered  the  point  at  which  the  two  defor¬ 
mation  bands  Intersect  probably  due  to  the  reduced  local  stiffness  of  the 
substrate.  The  most  significant  conclusion  to  be  drawn  from  these  photo- 
mlcrogrsphs  Is  that  a  pyrolytic  graphite  coating  appears  to  be  an  excellent 
candidate  for  restart  nozzle  service.  Further  evidence  Is  shown  later  to 
reinforce  the  conclusion  that  smtor  firing  conditions  do  not  degrade  the 
remaining  coating  quality.  The  evidence  of  plastic  defotmatlon  without 
cracking  suggests  that  some  relief  may  occur  «ihlch  could  Improve  the  stress 
distribution  during  recycle  duty.  (U) 


55 

CONFIDENTIAL 


CONFIDENTIAL 


Subscale  Firing  No.  3 


•  lOMMMIOMTON 

moNO  ma-Mconte 

Subscale  Firing  No.  4 

Figure  20..  Motor  Pressure  Traces  for  Subscale 
Firings  No.  3  and  No.  4. 
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b.  Exit  (X150).  Note  Void  in  Substrate. 

Figure  21.  Microstructure  of  Pyrolytic  Graphite  Showing  Evidence 
of  Deformation  After  Subscale  Firing  Number  3. 
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4.  Subicale  Firing  No,  4 

This  firing  waa  carried  out  tc  demonstrate  the  erosion  resistance 
of  a  thicker  coating  in  substantiation  of  subscale  firing  No.  3*  The 
insert  tested  consiated  of  a  34-inil  thick  coating  of  pyrolytic  graphite 
on  a  molded  graphite  substrata.  The  performance  of  this  insert  was  disap¬ 
pointing.  Discrata  losses  of  coating  occurred  first  at  about  29  seconds 
and  again  at  3T  seconds.  The  motor  preasure  trace  for  this  firing  is  shown 
in  Figure  20.  The  duration  of  this  firing  was  64.9  seconds  and  the  avetage 
motor  pressure  was  390  psi,  reduced  to  this  level  from  an  initial  maximum 
SKitor  pressure  of  812  psi  by  an  erosion  rate  averaging  1.62  mils  par  second.  (C) 

Although  ballistic  calculations  indicate  that  the  erosion  rats 
of  the  coating  prior  to  the  first  discrete  loss  of  coating  at  about  29 
saconda  waa  only  0.7  to  0.8  mil  per  second,  the  failure  of  the  coating  was 
serious,  but  it  was  the  only  instance  of  loss  of  a  crack- free  coating  in 
the  entire  progrmn.  It  must  be  concluded  that  in  this  insert  the  cumu¬ 
lative  effect  of  residual  stresses  from  deposition  and  the  thermal  stresses 
generated  during  the  firing  caused  progressive  coating  failure.  Although 
this  behavior  may  have  resulted  from  an  undetected  flaw  in  this  particular 
insert,  time  did  not  permit  further  study  of  the  optimization  of  coatings 
on  subscale  molded  graphite  inserts.  Inatead,  a  more  immediate  means  of 
reducing  the  stress  effects  was  sought  through  the  choice  of  another  sub- 
str.ita  material.  The  extent  to  which  stress  control  can  be  achieved 
through  the  use  of  a  low  modulus  substrata  is  discussed  in  the  section  on 
stress  analysis,  and  the  success  of  this  approach  was  demonstrated  in  the 
next  subscale  firing,  (c) 

Subscale  Firing  No.  5 

The  coated  insert  tested  in  this  firing  conaisted  of  a 
thick  py*  ytic  graphite  coating  on  a  low  modulus  fibrous  graphite  sub- 
atrate.  .curing  the  37  second  duration  at  an  average  motor  pressure  of 
330  psi.  the  coating  erosion  rate  averaged  0.64  mil  per  second.  The 
pressure  trace  is  reproduced  in  Figure  22.  This  firing  was  significant 
for  two  reasons.  It  again  demonstrated  that  a  coating  without  obaervable 
flaws  could  give  good  performance  under  severe  nozzle  conditions.  Second, 
it  illustrated  that  the  low  modulus  fibroui  graphite  could  be  successfully 
utilized  as  s  substrate  and  survive  not  only  residual  stresses  involved  in 
deposition,  but  also  the  rigors  of  BK>tor  firing.  Demonstration  of  this 
second  fact  was  particularly  important  prior  to  ths  use  of  such  a  fibrous 
graphite  substrate  for  fullscale  firing  tests.  A  photograph  of  ths  nozzle 
assembly  after  test  shown  in  Figure  23  confirms  the  good  condition  of  the 
nozzle.  (C) 
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Figure  22.  Motor  Pressure  Trace  for  Subscale  Firing  No.  5. 
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Figure  23.  Axial  View  from  Entrance  End  of  Nozzle  After  Subscale  Firing  Number  5. 
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6.  Implication  of  Subtcale  Teit  Retulti 

The  tubscale  firings  In  this  ptwgran  were  Intended  to  define 
problem  areas  In  pyrolytic  graphite  coatings  and  to  Insure  the  successful 
demonstration  of  the  feasibility  of  such  costings  for  fullscale  nozzles. 
Prom  the  results  of  the  five  subscale  firings,  the  following  conclusions 
were  drawn.  The  tolerance  of  pyrolytic  graphite  coatings  for  delalnatlon 
flaws  Is  low.  However,  It  was  also  Indicated  that  coatings  free  from 
visible  flaws  In  microscopic  exsninatlon  could  yield  excellent  nozzle  per> 
fotvance  for  costings  on  both  molded  substrates  and  low  modulus  fibrous 
substrates.  The  losses  from  the  thick  coating  tested  in  the 

fourth  subscale  firing,  reinforces  the  belief  that  coating  Integrity  Is 
related  to  the  deposition  residual  stresses.  Although  no  flaws  were 
visible  in  this  Insert,  It  Is  apparent  that  the  coating  was  near  the  upper 
limit  for  flaw-free  deposition  and  It  Is  likely  that  the  built-in  stresses 
led  to  failure  when  firing  stresses  were  superimposed  on  the  Insert,  (c) 

C.  FULLSCALE  HOTOR  FIRINGS 

Four  fullscale  firing  tests  using  s  2.3*lnch  nozzle  diameter 
In  a  ^600  pounds  thrust  motor  were  carried  out  In  this  program.  The 
fullscale  nozzle  design  which  is  shown  In  Figure  2L  was  similar  to  that 
used  for  the  subscele  unit.  The  goal  of  these  firings  was  to  demonstrate 
the  performance  cspablllty  of  pyrolytic  graphite  coatings  In  nozzles  of 
a  usable  and  practical  size.  Bach  of  the  fullscale  firings  Is  discussed 
eeparately  In  the  following  sections  and  the  Implications  of  these  results 
are  Indicated.  (U) 

1.  Fullscale  Firing  No,  1 

The  fullscale  firing  prograsi  overlapped  the  subscale  program  in 
the  sene  way  that  the  deposition  work  for  the  two  size  ranges  overlapped. 
This  overlap  was  used  to  assure  that  results  derived  for  subscala  nozzles 
would  be  applicable  to  fullscale  systems.  The  Inserts  selected  for  the 
first  fullscale  firing  consisted  of  a  42-mll  thick  coating  on  molded  gra¬ 
phite  and  contained  a  visible  microscopic  separation  of  the  coating  from 
the  substrate  at  the  exit  end.  The  nature  of  the  flaw  In  this  insert 
was  quite  different  from  those  found  In  early  subscele  units.  A  test  of 
the  effect  of  auch  a  flaw  on  fullscale  nozzle  pcTformance  was  deemed  desir¬ 
able.  Thia  firing  was  made  prior  to  the  point  in  the  deposition  study 
when  flaw-free  fullscale  coatings  were  prepared,  (U) 

The  performance  of  this  fullscale  Insert  with  a  known  delamina¬ 
tion  flaw  was  quite  similar  to  the  results  obtained  previously  in  the  sub¬ 
scale  test  with  an  insert  with  a  flaw  at  the  exit  end.  The  over-all  ero¬ 
sion  rate,  based  on  bafore-and  after-test  diameter  measurements  was  2.01 
mils  per  second.  The  motor  pressure  trace  shown  in  Figure  23  indicated 
a  steady  but  excessive  erosion  pattern.  The  firing  duration  (c) 
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Figure  24.  Fullscale  Nozzle  Assembly  Drawii^ 
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was  36.6  itconds  at  an  average  motor  preasure  of  623  pal.  A  auaanary  of 
motor  teat  data  for  the  fullacale  firings  la  Included  In  Table  VIII.  (C) 

The  conalatent  failure  of  coated  Inaerta  with  known  flawa  to 
provide  aultable  performance  auggeated  that  flaw-free  Inaerta  were  a 
aiuat  to  achieve  optimum  performance,  (u) 

2.  Fullacale  Firing  No.  2 

Prior  to  fullacale  Firing  No.  2,  aucceaaful  depoaltlon  of  a  flaw- 
free  coating  on  a  Spaar  Carbon  extrudad  graphlta  aubatrate  (Grade  38O) 
waa  achlaved.  Tha  aecond  fullacale  teat  utilized  auch  an  Inaert  with  a 
47*mll  thick  coating.  Thla  firing  waa  completaly  auccaaaful.  The  Inaert 
ahowed  an  average  eroalon  rate  of  0.73  ■!!  aecond  and  an  average 
Mtor  preaaure  64U  pal  for  a  firing  duration  of  3I.3  aaconda.  The  motor 
preaaure  trace  for  thla  teat  la  Included  In  Figure  25.  After  teat  the 
coating  waa  Intact  and  In  good  condition  with  approximately  one-half  of 
the  original  coating  thlckneaa  remaining,  (c) 

Further  evidence  of  the  excellent  condition  of  the  coating 
remaining  on  the  Inaert  after  thla  teat  waa  found  by  examining  the 
nlctoatructure  of  the  coating.  Thla  mlcroatructure,  ahown  In  Figure  26, 
la  In  avery  way  aimllar  to  that  of  the  Inaert  prior  to  teat  and  ahowa  no 
indication  of  damage  or  cracking,  (u) 

3.  Fullacale  Flrlna  No.  ^ 

The  depoaltlon  work  Indicated  that  a  low  nodulua,  flbroua  gra¬ 
phite  was  an  interesting  alternative  to  the  Grade  58O  extraded  graphite 
aubatrate.  The  final  aubacale  firing  had  Indicated  that  a  pyrolytic  gra¬ 
phite  coating  on  a  fibrous  graphite  substrate  was  suitable  for  motor 
service.  To  confirm  this  performance  at  the  fullacale,  a  coating  75  mils 
thick  deposited  on  a  flbroua  graphite  substrate  was  tested  in  the  third 
fullacale  firing.  The  nozzle  gave  good  performance.  An  average  erosion 
rata  of  0.88  mil  per  second  was  measured  for  an  averaga  motor  pressure 
of  697  pvl  end  a  firing  duration  of  42.8  seconds.  The  mtor  pressure 
trace  for  this  firing  la  ahown  In  Figure  27>  (C) 

After  test,  the  costing  was  Intact  and  In  generally  good 
condition.  Approximately  one-half  of  the  original  thickness  of  the  coating 
ramalnad.  Two  views  of  the  entrance  end  of  the  nozzle  after  test  are 
shown  In  Figures  28  and  29.  Those  figures  Indicate  the  good  condition 
of  the  entire  aaaembly.  The  mlcroatructure  of  the  coating  after  firing 
ahown  In  Figure  30  again  daannstrates  that  no  discsmable  change  occurs 
in  the  coating  because  of  the  motor  exposure.  (U) 
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SL  Entrance  (X150) 


b.  Exit(X150)  /J(2749 


Figure  26.  Microstructure  of  Pyrolytic  Graphite  Coating 
After  Fullscale  Firing  Number  2. 
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Figure  28.  Axial  View  from  Entrance  End  of  Nozzle 
After  Fullscale  Firing  No.  3. 
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Figure  29.  Oblique  View  from  Entrance  End  of  Nozzle 
After  Fullscale  Firing  No.  3. 
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a.  Entrance  (X150) 


b.  Exit(X150)  ^2748 

Figure  30.  Microstructure  of  Pyrolytic  Graphite  Coating 
After  Fullscale  Firing  Number  3. 
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h.  Fullsc^ile  Firing  Wo.  4 

In  selecting  an  insert  for  this  final  fullscale  motor  firing, 
the  alternative  of  using  an  extruded  graphite  or  a  fibrous  graphite  sub¬ 
strate  was  available.  As  discussed  earlier  in  the  deposition  study, 
coatinga  of  sufficient  thickness  were  not  successfully  prepared  on  the 
extruded  substrata.  Tima  did  not  permit  the  further  pursuit  of  the 
deposition  study,  so  an  insert  consisting  of  a  lCX)-mil  coating  of  pyro¬ 
lytic  graphite  on  a  fibrous  graphite  substrate  was  selected  for  test. 

The  goal  of  this  firing  was  to  demonstrate  a  full  duration  capability  of 
more  than  60  seconds  for  a  pyrolytic  graphite  coated  nossle  under  the 
severe  sntor  conditions  selected  for  this  program.  This  goal  was  achieved 
in  fullscale  Firing  No.  U  which  had  a  firing  duration  of  63.^  seconds 
and  an  average  motor  pressure  of  708  psi.  The  motor  pressure  trace  for 
this  test  is  shown  in  Figure  27.  (U) 

Although  this  firing  represented  a  successful  full  duration  test, 
the  success  was  qualified  by  two  factors.  First,  although  the  motor 
pressure  trace  was  smooth,  a  local  gouge  occurred  in  the  nozzle  coincident 
with  BK>tor  tailoff.  This  gouge,  %d)ich  because  of  the  soft  and  non-erosion 
resistant  nature  of  the  fibrous  substrate  is  sizeable,  is  seen  in  the  two 
views  of  the  post  fired  nozzle  in  Figures  3I  and  32.  Second,  the  average 
erosion  rate  calculated  from  post-firing  measurements  in  areas  away  from 
the  local  gouge  indicated  a  higher  than  normal  erosion  rate  of  I.I9  mils 
per  second.  Both  of  these  qualifications  on  the  success  of  this  firing 
are  believed  to  have  resulted  from  the  non-uniform  quality  of  the  costing. 
As  indicated  in  the  deposition  study  section,  the  coating  tested  in  this 
firing  had  more  than  normal  roughness  associated  with  nodules  in  the 
coating.  To  avoid  effects  associated  with  turbulence  due  to  surface 
roughness,  the  surf see  of  the  coating  was  polished  prior  to  test.  However, 
this  SBK>othing  operation  could  not  eliminate  the  effect  of  local  flaws 
in  nodules  on  the  coating  erosion.  It  is  likely  that  enhanced  erosion 
occurred  in  the  regions  where  local  flaws  in  the  nodules  beesme  exposed 
to  the  surface.  Although  the  local  flaws  associated  with  nodules  in  the 
coating  probably  produced  micro  spall  at  ion  of  the  coating  locally,  the 
microstructure  shown  in  Figure  33  Indicates  that  this  type  of  flaw  does 
not  lead  to  catastrophic  changes  in  the  coeting  Integrity.  In  Figure  33 
the  presence  of  suBiMrged  local  flaws  in  the  coating  remaining  after 
tests  Indicates  this  conclusion  to  be  valid.  (C) 

5.  Implications  of  Fullscale  Test  Risults 

The  complete  loss  of  the  coatirg  of  the  first  fullscale  firing 
again  indicates  thet  coatings  with  known  dslamlnatlon  cracks  are  not 
suited  for  severe  nozzle  applications.  The  successful  completion  of  the 
remaining  fullscale  tests  with  nozzles  tbst  did  not  contain  delsmination 
cracks  demonstrated  the  feasibility  of  pyrolytic  graphite  coated  nozzles 
for  fullscale  applications.  Optimization  of  coatings  on  fullscale  inserts 
was  not  within  the  scope  of  this  program,  but  the  successful  performance 
of  three  fullscale  costed  Inserts  does  point  to  the  inherent  advantage  of 
this  light-weight  nossle  system.  (U) 
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Figure  32.  Axial  View  from  Exit  End  of  Nozzle 
After  Fullscale  Firing  No.  4. 


a.  Exit  (X150) 


b.  Local  Flaws  in  Nodule  (X150)  it(2747 

Figure  33.  Microstructure  of  Pyrolytic  Grsmhite  Coating 
After  Fullscale  Firing  Number  A, 
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Calculated  Taaparaturaa  In  Varioua  Note la  Daalgna 
Utillting  Pyrolytic  Graphlta  Coatinga 
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Cm*  A*1 

Ihreac  LocatlMt  I.IOO"  41aMt«r 


Location 

InrfMo 

iMr  Ora^hlto 

Midpoint  Carbon 

8tool  Ararago 

loAlttC 

O.SSO 

1.160 

1.360 

2.200 

Node  No. 

1 

11 

14 

17  •  18 

Tit  (ooc) 

TMoorotnro 

•• 

1 

4470 

140 

70 

70 

2 

4691 

313 

71 

70 

S 

S330 

643 

92 

70 

10 

5608 

1313 

206 

70 

20 

3646 

2363 

366 

79 

30 

3964 

2699 

933 

106 

40 

6033 

3270 

1230 

154 

SO 

6083 

3543 

1310 

216 

60 

6117 

3751 

1723 
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Casa  A>2 

Throat  Location:  1.100**  dlaMtar 


Location 

furfaca 

tsar  Oraphita  Midpoint  Carbon 

Staal  Avaraga 

ladiua 

0.S50 

1.440 

1.730 

2.200 

Nods  No. 

1 

13 

15 

17.18 

Tiaa  (sac) 

TMsaratura  *1 

1 

4430 

84 

70 

70 

2 

4850 

164 

75 

70 

S 

5283 

533 

150 

70 

10 

5550 

1114 

398 

78 

20 

5798 

2004 

959 

143 

30 

5932 

2654 

1443 

263 

40 

6021 

3156 

1846 

413 

50 

6085 

3557 

2185 

565 

78 
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Cat*  A-3 

Throat  Loeationi  1.100"  diasatar 


Location 

•urfaeo 

Hoar 

Eaar  Graphite 

Midpoint  Carbon 

8taal 

laar  FC 

• 

Ararago 

ladlua 

0.550 

0.574 

1.180 

1.580 

2.200 

hoda  No. 

1 

5 

14 

17 

20,21 

1 

Taiaratura.  *F 

5925 

804 

85 

70 

70 

2 

5959 

1119 

152 

70 

70 

5 

6006 

1643 

405 

78 

70 

10 

6054 

2184 

780 

133 

70 

20 

6113 

2866 

1350 

332 

74 

30 

6151 

3326 

1772 

560 

89 

40 

6178 

3620 

2041 

776 

116 

50 

6199 

3858 

2365 

970 

154 

60 

6215 

4046 

2582 

1142 

201 

APltPL-TR*65>57 


Cat*  A>4 

Throat  Location:  I.IOO**  dlOMtor 


Location 

ladiua 

Mbda  Mo. 

•urfaca 

0.550 

1 

Maar 
loar  rc 

0.574 

5 

tear  Graphite 

1.440 

16 

Midpoint  Carbon 

1.720 

18 

Stool 

Avorago 

2.200 

20,21 

Tlaa  iaac) 

1 

5925 

801 

72 

70 

70 

2 

5958 

1117 

94 

71 

70 

5 

6004 

1611 

232 

89 

70 

10 

6045 

2076 

484 

174 

72 

20 

6096 

2662 

910 

401 

91 

30 

6129 

3057 

1247 

615 

132 

40.4 

6156 

3360 

1481 

810 

192 

50.4 

6175 

3585 

1756 

974 

259 

59.4 

6190 

3749 

1929 

1107 

325 

80 


ArRPL-TR-65-57 


A*5 

Throat  Locatloni  1.100**  diaaotor 

Locatloa  ft/faea  laar  PO  Raar  Ora^lta  laar  Carbon  Roar  Outalda 

(in  ataal) 

ladlua  0.5S0  0.610  1.250  2.000  2.220 

Roda  Ro.  1  6  14  20  21 


TiM  (tw) 

Tioraturo. 

.05 

4720 

70 

70 

70 

70 

.1 

5130 

70 

70 

70 

70 

.2 

5450 

73 

70 

70 

70 

.5 

5782 

100 

70 

70 

70 

1.0 

5955 

175 

71 

70 

70 

2.2 

6081 

348 

95 

70 

70 

5.2 

6134 

624 

228 

70 

70 

10.2 

6152 

939 

456 

70 

70 

20.2 

6176 

1406 

826 

72 

71 

30.2 

6193 

1758 

1121 

79 

75 

40.2 

6207 

2038 

1364 

92 

84 

50.2 

6218 

2268 

1570 

112 

100 

59.2 

6227 

2445 

1732 

135 

119 

81 
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Cas*  A-6 

IhrMC  Locatloa:  1.100**  di«Mt«r 


LocatlM 

furfaea 

taar  16 

taar  Gra^hita 

taar  Carboa 

Raar  OuCaida 
(in  ataal) 

lAdlua 

0.330 

0.610 

1.300 

2.000 

2.220 

■•da  Mo. 

TIm  (•••) 

1 

'  6 

16 

20 

21 

.03 

4720 

70 

70 

70 

70 

.10 

3130 

70 

70 

70 

70 

.20 

3430 

73 

70 

70 

70 

.30 

3782 

100 

70 

70 

70 

1.0 

3963 

173 

70 

70 

70 

2.2 

6081 

348 

77 

70 

70 

3.2 

6133 

603 

146 

70 

70 

10.2 

6U9 

837 

297 

71 

70 

20.2 

6168 

1230 

363 

78 

73 

30.2 

6182 

1322 

790 

97 

86 

AO. 2 

6194 

1762 

983 

123 

108 

30.2 

6204 

1966 

1131 

160 

138 

39.2 

6212 

2124 

1283 

197 

170 

82 
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Cm*  B'l 

Throat  Location:  2.300"  dlaMtar 


Location 

ladlua 

Moda  No. 

turfaca 

1.150 

1 

Naar  Boar 

Graphlta 

1.950 

13 

Naar  Baar 

Carbon 

2.685 

19 

Near  Outalda 
(In  a tool) 
3.0225 

21 

Tina  (aac) 

Tiarirurii  *T 

.05 

1880 

70 

70 

70 

.10 

2410 

70 

70 

70 

.20 

3000 

70 

70 

70 

.50 

3778 

72 

70 

70 

1.0 

4330 

95 

70 

70 

2.3 

4901 

247 

70 

70 

5.3 

5328 

660 

70 

70 

10.3 

5802 

1239 

71 

70 

20.3 

5839 

2043 

90 

75 

30.3 

5957 

2582 

133 

93 

40.3 

6029 

2973 

196 

130 

50.3 

6079 

3271 

272 

184 

59.3 

6112 

3484 

348 

241 

83 
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Leeatioa 

Isdlua 

IMc  Ho. 


(fit) 

.05 

.10 

.20 

.yj 

i.'j 

2.3 

5.3 

10.3 

20.3 

30.3 

40.3 

50.3 

59.3 


Cmo  B-2 

Throat  Location:  2.300'*  dlMotar 


Surface 

1.150 

1 

Rear  tear 

Graphite 

2.185 

15 

Hear  tear 

Carbon 

2.685 

19 

Rear  Outs Id 
(In  steal) 
3.0225 

21 

^^trifurti  *r 

1880 

70 

70 

70 

2410 

70 

70 

70 

3000 

70 

70 

70 

3778 

70 

70 

70 

4330 

74 

70 

70 

4900 

132 

70 

70 

5321 

370 

71 

70 

5579 

774 

82 

71 

5797 

1413 

143 

91 

5909 

1881 

235 

142 

5981 

2240 

343 

216 

60)2 

2524 

456 

304 

6066 

2732 

559 

389 

84 
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Caaa  1-3 

Throat  Location:  2.300"  diaBOtar 


Location 

Surface 

laar  FG 

laar  Graphita 

laar  Carbon 

Naar  Outaida 

laditto 

1.150 

1.195 

2.000 

2.750 

(in  ataal) 
3.000 

Nodo  Ho. 

1 

6 

12 

20 

21 

.05 

4550 

70 

Taaaaratnra. 

70 

70 

70 

.10 

4980 

71 

70 

70 

70 

.20 

5330 

81 

70 

70 

70 

.50 

5692 

155 

70 

70 

70 

1.0 

5881 

307 

71 

70 

70 

2.3 

5995 

592 

96 

70 

70 

5.3 

6035 

960 

240 

70 

70 

10.3 

6065 

1363 

696 

70 

70 

20.3 

6105 

1939 

923 

72 

71 

30.3 

6135 

2359 

1266 

80 

76 

40.5 

6158 

2690 

1556 

97 

88 

50.5 

6175 

2952 

1797 

122 

108 

60.5 

6191 

3169 

2005 

154 

136 

70.5 

6203 

3353 

2187 

193 

170 

80.5 

6214 

3511 

2367 

236 

209 

90.5 

6224 

3648 

2689 

282 

252 

100.5 

6232 

3767 

2616 

331 

298 

110.5 

6239 

3873 

2730 

383 

366 

120.5 

6246 

3967 

2833 

635 

396 

130.5 

6252 

4051 

2927 

687 

667 

85 
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Casa  B-4 

Throat  Location:  2.300**  dlSMtar 


Location 

furfaca 

laar  fC 

laar  Graph!  ta 

laar  Carbon 

laar  Outside 

Badlus 

1.130 

1.195 

2.230 

2.730 

(in  ataal) 
3.000 

■oda  Mo. 

1 

6 

14 

20 

21 

.03 

4330 

70 

70 

70 

70 

.10 

4980 

71 

70 

70 

70 

.20 

3330 

80 

70 

70 

70 

.30 

3692 

133 

70 

70 

70 

1.0 

3881 

307 

70 

70 

70 

2.3 

5993 

391 

78 

70 

70 

3.3 

6033 

949 

138 

70 

70 

10.3 

6061 

1309 

336 

71 

70 

20.3 

6097 

1810 

663 

80 

75 

30.3 

6123 

2181 

939 

103 

90 

31.3 

6123 

2213 

965 

106 

93 

86 
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Caa«  B-7 

Throat  Lecatioo:  2.300"  di«Mt«r 


Location 

Surface 

laar  90 

laar  Graphite 

laar  Carhen 

Rear  Outalda 
(in  ataal) 

Tadlua 

1.130 

1.195 

2.000 

3.125 

3.375 

lioda  Wc . 

1 

6 

12 

20 

21 

IL 

•  1 
o  Ui 

4550 

70 

Xflipjdfilici 

70 

70 

70 

.10 

4980 

71 

70 

70 

70 

.20 

5330 

80 

70 

70 

70 

.30 

5694 

155 

70 

70 

70 

1.0 

5882 

307 

71 

70 

70 

2.2 

3993 

581 

94 

70 

70 

3.2 

6033 

954 

237 

70 

70 

10.2 

6064 

1359 

493 

70 

70 

20.2 

6103 

1937 

921 

70 

70 

30.2 

61.^ 

2357 

1263 

71 

70 

40.2 

6137 

2683 

1330 

73 

72 

30.2 

6173 

2947 

1793 

78 

75 

60.2 

6190 

3163 

2002 

85 

81 

70.2 

6203 

3330 

2183 

96 

90 

80.2 

6214 

3309 

2348 

111 

102 

90.2 

6224 

3647 

2492 

128 

120 

99.2 

6231 

3737 

2610 

147 

133 

87 
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Cm*  C*1 

■ntranc*  Location:  1.840**  dlaBotar  (1.100**  throat) 


Location 

Surface 

Kaar  PC 

Roar  Carbon 

Roar  Outalda 

ladittt 

0.920 

1.750 

2.250 

(in  atoal) 
2.5375 

Noda  lo. 

1 

5 

9 

11 

Tlaa  (tac) 

.03 

620 

70 

70 

70 

.10 

850 

70 

70 

70 

.20 

1150 

71 

70 

70 

.50 

1650 

92 

70 

70 

1.0 

2095 

170 

70 

70 

2.2 

2692 

417 

70 

70 

5.2 

3491 

975 

71 

70 

10.2 

4207 

1675 

80 

72 

20.2 

4925 

2607 

140 

103 

30.2 

5299 

3214 

243 

177 

40.2 

5528 

3641 

371 

281 

50.2 

5683 

3955 

507 

399 

59.2 

5783 

4170 

631 

511 

AnPL-Tl-65-57 


Cm*  C-2 

■ntrane*  LoMtio*:  l.SM"  4UMt«r  (1.100"  throat) 


LoMtiM 

•urfac* 

iMr  fC 

l**r  Carbon 

Maar  Oatalda 
(In  atMl) 

l*4itt* 

0.920 

1.730 

2.623 

2.923 

■oi*  Me. 

1 

5 

10 

12 

TMoaratura.  f 

.03 

«20 

70 

70 

70 

.10 

830 

70 

70 

70 

.20 

1130 

71 

70 

70 

.50 

1630 

92 

70 

70 

1.0 

2093 

171 

70 

70 

2.2 

2692 

418 

70 

70 

3.2 

3492 

979 

70 

70 

10.2 

4210 

1681 

70 

70 

20.2 

4928 

7.613 

74 

71 

30.2 

3301 

3222 

89 

80 

40.2 

5332 

3633 

118 

101 

50.2 

3689 

3979 

160 

133 

39.2 

5791 

4206 

209 

175 

AFlPL-TI*65-57 


Cftt«  D-1 

iBtraae*  Location}  3.340**  dlOMtar  (2.300**  throat) 


Location 

•urfaca 

loar  10  tear  Carbon 

Roar  Outsido 
(in  otaal) 

laditto 

1.770 

2.625 

3.250 

3.5375 

Node  lo. 

Tina  (one) 

1 

6 

12 

TurittiHt  !r 

14 

.03 

670 

70 

70 

70  • 

.10 

900 

70 

70 

70 

.20 

1180 

71 

70 

70 

.50 

1690 

90 

70 

70 

l.O 

2181 

175 

70 

70 

2.2 

2842 

445 

70 

70 

5.2 

3703 

1054 

70 

70 

10.2 

4442 

1810 

72 

70 

20.2 

5148 

2799 

99 

82 

30.2 

5500 

3433 

162 

123 

40.2 

5712 

3876 

255 

194 

50.2 

5852 

4200 

365 

285 

60.2 

5950 

4445 

484 

391 

70.2 

6022 

4635 

605 

501 

80.2 

6077 

4783 

725 

612 

90.2 

6118 

4902 

841 

723 

99.2 

6148 

4990 

943 

820 

90 
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Casa  D-2 


■atranea  Location 

:  3.540" 

dlaMtar  (2.300" 

throat) 

Location 

Surface 

laar  PC 

laar  Carbon 

Near  Outside 

(In  steal) 

ladiua 

1.770 

2.625 

3.625 

3.925 

Koda  No. 

1 

6 

13 

IS 

Xlas_£lj£) 

.05 

680 

70 

70 

70 

.10 

900 

70 

70 

70 

.20 

1180 

71 

70 

70 

.50 

1690 

90 

70 

70 

1.0 

2181 

176 

70 

70 

2.2 

2842 

U6 

70 

70 

5.2 

3704 

1059 

70 

70 

10.2 

4444 

1817 

70 

70 

20.3 

5156 

2815 

71 

70 

30.3 

5506 

3446 

78 

74 

40.3 

3716 

3880 

95 

85 

50.3 

5835 

4212 

124 

107 

60.3 

5934 

4461 

164 

139 

70.3 

6027 

4655 

214 

182 

77.4 

6067 

4768 

254 

216 

91 
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appendix  B 


Calculated  Straaaaa  In  Praa-Standlng  Cylindrical 
Shalla  of  Pyrolytic  Graphlta 


MOTE:  8ao  Appendix  F  for  definitions  of  ay^>ola  used  In  this  Appendix. 
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PHYSICAL  PROPERTIES  INPUT 
Pyrolytic  Graphite:* 


APPENDIX  B 

DATA 

Young's  Modulus 
Young ' s  Modulus 
Poisson's  Ratio 
Poisson's  Ratio 
Poisson's  Ratio 
Shear  Modulus 
Shear  Modulus 
Total  Thermal  Expansion 
Total  Thermal  Expansion 


E 

a 

S 

4.5  X 

10^ 

psl 

E 

c 

S 

1.5  X 

10^ 

psi 

» 

ac 

M 

0.90 

ca 

- 

0.30 

a  a 

S 

-0.16 

- 

G 

m 

m 

0.2  X 

10^ 

psi 

G  >  2.68  X  10^  psl 
c 

Of  AT  *  -0,00144  in/ in 

a 

Of  AT  *  -0.0432  in/ in 


*  Reference  7 . 
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a  * 
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i 
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CASE  NO.  2 

El  •45000000*  07  E2  •15000000*  07  NUl  *50000000*  00  NU2  *90000000*  00  NU5'* 16000000*  00 
G1  *26785714*  07  G2  *20000000*  06  AA1>*14400000*-02  AA2-*43200000*>01 
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CASE  NO.  3 

Cl  •4SOOOOOO*  07  E2  *190000001  07  NUl  *30000000*  00  NU2  *90000000*  00  NUS-* 16000000*  00 
Gl. *26789714*  07  G2  *20000000*  06  AAl-*14400000*-02  AA2>*43200000r-01 
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APPENDIX  C 


Calculutad  StrMtM  In  Coaposits  Cylinders  with 
Pyrolytic  Grsphlts  Coating  on  tha  Insida 


NOTE:  Sat  Appendix  F  for  definitions  of  syabols  used  in  this  Appendix. 
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PHYSICAL  PROPERTIES  INPUT 
Pyrolytic  Graphite:* 


Molded  Graphite:** 

Extruded  Graphite:** 


*  Reference  7. 
**  Reference  9 . 


APPENDIX  C 
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Total  Thermal  Expansion 

Young's  Modulus 
Poisson's  Ratio 
Total  Thermal  Expanaion 
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APPENDIX  D 

Calculated  Straaaaa  In  Conpoalta  Cyllndara  with 
Pyrolytic  Graphlto  Coating  on  tha  Outalda 


NOR:  faa  Appendix  F  for  daflnltlona  of  aynbola  uaad  In  thla  Appmdlx. 
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AFIPL-n-6S-S7 


APPENDIX  D 


PHYSICAL  PROPHITIES  INPUT  :uTA 


Pyrolytic  Graphite:*  Young's  Modulus 

E 

a 

K 

4. 5  X  10^  psi 

Young's  Modulus 

E 

c 

3 

1 . 5  X  10^  psi 

Poisson's  Ratio 

^ac 

= 

0.90 

Poisson's  Ratio 

'’ca 

S 

0.30 

Poisson's  Ratio 

’^aa 

a 

-0.16 

Shear  Modulus 

G 

a 

- 

0.2  X  10^  psi 

Shear  Modulus 

G 

c 

sa 

2.68  X  10^  psi 

Total  Thermal  Expansion 

a  AT 
a 

a 

-0.00144  in/ in 

Total  Thermal  Expansion 

Of  At 
c 

= 

-0.0432  in/ in 

Molded  Graphite:** 


Young 'e  Modulus 
Poisson's  Ratio 
Total  Thermal  Expansion 
Total  Thermal  Expansion 


E  =*  1. 5  X  10^  psi 

u  =«  0.35 

a  AT  -0.0046  in/ in 
a 

a  AT  =  -0.0070  in/ in 
c 


*  Reference  7. 
**  Reference  9. 


135 


AFtPL-n- 65-57 


o404iMrM(\jrgrgoiiNiiMrNjrNjr>irMrg(Ni)Sir>iNiM'M 

ooooooooooooooooeoooo 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  !  I  I  I 

oe  ooooooooooooooooooooo 

3^r40in^->orr)h>is«rM.t'#^^in)n«)00>m 

9>iA«44>'4<oi-ti<\o>i«>r>-om<oaoONf')w^m4 

<n<0a»«4^<oo>i-iir)^cO'4i<\iAr»oi>i^>O0O 

4ttNK>4ino>i^cot^<0'4in9>ro«rij«Ov*0« 

aAeos(oeo«)<ScO(SlScoao^>r^^-^•h•^>^r>' 

•  •••••••••••••••••••• 

I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  •  I  t  I 


rg  rg  oj  pg  iM  f\< 

o  o  o  o  o  o 

I  I  I  I  I  I 

QC  eo  m  g\  g>  o  m 

o  g>  o  oi  o  o 

3  «o  ^  ^  ^  ^ 

g)  r>  >g  o>  o  4’ 

O  OO  <0  (M  a>  4 
o»<0  4rgo>h‘ 
lO  4  m  N  O  o> 

h-  r-  K  f»  « 

•  ••••• 

i  •  I  I  I  I 


§  o  d 

5  o  lA 

N  O 

O  • 

4  O 

•  o  o 

I  m  « 

N  m 

5  ^ 

3  O 

X  I 

*M  • 

t  r-  § 

•  o  o 

o  o 

0*0 

o  o  o 

8  8 

i  §  .• 

o  M 

•  lA  V9 

I 

• 


444444444444444444444 

OOOOOOOOOOOOOOOOOOOOO 


:> 

< 

fg 

X 

< 

Ul 

O 

1 

f- 

• 

o 

K 

4 

pg 

o 

O 

O 

O 

o 

• 

o 

o 

4 

• 

• 

• 

o 

o> 

• 

fg 

14 

'*9 

O 

o 

o 

• 

« 

o 

4 

1 

S 

% 

•o 

r* 

• 

-fp 

K 

K 

o 

pg 

o 

o 

o 

g 

44 

in 

4 

o 

o 

o 

1 

IM 

r» 

4 

4 

o 

4 

< 

• 

pg 

t 

vg 

fg 

pg 

K 

94 

O 

• 

• 

g 

Ul 

M 

• 

» 

z 

1 

4 

rg 

ig 

O 

K 

KJ 

CM 

4 

Ul 

O 

« 

V9 

0) 

g 

1 

K 

K 

pg 

ig 

O 

O 

O 

O 

O 

? 

o 

pg 

• 

• 

• 

* 

• 

o 

4 

O 

o 

CM 

Z 

p 

»g 

o 

o 

Q 

pg 

o 

K 

o 

o 

< 

o 

4 

o 

o 

Ik 

• 

5 

4 

o 

o 

o 

m 

K 

Q 

o 

K 

4 

o 

cn 

# 

4 

2 

4 

4 

4 

4 

o 

4 

ig 

pg 

4 

• 

-1 

Ul 

• 

• 

,  g 

g 

• 

4 

1 

1 

pg 

< 

•M 

pg 

pg 

K 

>< 

0 

Ui 

v9 

« 

3 

u 

CD 

< 

I  O  O  O  O  O 
>  O  O  O  O  O 
l>i  N  4  KMO 
I  o>  4  p  s  r» 
ON4  4r*- 
I  CD  O  O 

4  4  4  44 

«  «  «  «  o 

i  •  •  •  •  • 

i  I  I  I  I 


I  o  O  O 

I  O  O  O 
1  4  lx 

•  NO 
I  pg  4  O 
14  4  4 
14  4  4 
>  ao  «o  « 

I  •  •  • 

I  I  • 


444444444i/>i/\444if\444444 

OOOUOOOOOOOOOOOOOUOOO 


<  pg40404Q40«404Krg4-4«>040>4 
X  <n<^04r>44cxo9>r>444pgo«>r*4i»ix 
O  4444444444444  44  4K>4444 


»>  r*  4  4 
4  4  4  4 


•  I  I  I  I  i  I  I  I  •  I  •  I  I  I  I  I  I  •  I  I 


»gfgpgiv»gix»x4444l»>l»>l«>4444444 

OOOOOOOOCCOOOOOOOCOOO 

I 

or  OOOOOOOOOOOOOOOOOOOOO 
ooooooooooooooooooooo 
<  oooooooocooooooo  OPJAAf 
Z  000000C<404««>r>4  O 
O  0444VO>«04444tX4404  4'4  4  4 
M  00>44p440IX404a0^40>rx40i-i4^‘ 
4  040>40>4«UO>-444r>SO>pg)X444r- 
4«g(x44^ao>g'g<-<tH^>igf-4pgrgrgrg<XNfX 


OOOOOOOCOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 
ec  OOOOOOOOOOOOOOOOOOOOO 
040404040404040404040 
0«r-44NrgO>«44mfXO»r>444^0 
<nrgfx(xi>iN«v-<-g>g'^pgpg-40000000 
444444444444444444444 


«  4  4  4  4  4 

o  o  o  o  o  o 


4  4  O  O  40  O 
<  4  4  N  4  4  4 

5  9>  4  4  pg  4  eg 
rg  rg  o>  4  4  4 
M  ig  4  4  r>  4  0« 

I/)  'g  o  in  4  iH 

h>  4  4  4  4  4 
<N  ni  (g  rg  ni  rg 


444444 
O  O  O  O  O  O 


UJ  »  O  4  0|  4  4 
X  4  4  O  O'  »g  h- 
4  4  »g  4  4 

O  OK  <H  4  4 
<  o  •g  ig  4  4  rg 
Z  4  4  4  4  4  4 

2ijmt 

4  V  •  •  •  •  • 


4  4  4  4  fg  «g 

O  O  O  O  O  o 

I 

K  »g  o  -•  o  o;,K 

sssilll 

O  pg  4  4  rg  N  ^ 
>g  K  4  O  4  4  O 
4  K  CgK  iH  4  K 
rg  fg  pg  4  4 


O  O  O  O  O  O 


O  OO  O  O  O 

o  oo  o  o  o 
K  o  o  o  o  o  o 
e  oo  o  o  o 

O  O  O  Q  O  O 
O  4  4  4  ig  o 

444444 


El  •45000000*  07  E2  .ISOOOOOO*  07  NUl  •30000000*  00  NU2  •OOOOOOOO*  00  NU3-^ 16000000*  00 


AFSPL-TR-65-S7 


I 


<0 

o 


o 

I 

• 

o 

o 

o 

o 

o 

M 

<# 

• 

I 

N 

< 

< 


♦M 

O 

I 

• 

o 

o 

o 

s 

♦ 


o 


o 

e 

s 

o 

o 

o 

• 

IM 

O 


o 

■* 

•4 

h* 


O 

O 


o 

o 

o 

o 

s 


3 

2 


O 

8 
o 
o 
o 
m 
I  »4 

< 

< 


u 


o 

o 

o 

o 

o 

o 

<o 


o 

oe 


o 

8 

o 

o 

lA 


o 

ae 


ex 

o 

I 

• 

o 

o 

o 

o 

o 

o 

<e 

-» 

* 

I 


M 

O 

I 

• 

o 

o 

o 

o 

o 

o 

o 

I 

< 


o 


•4 


o  o 

8  8 
o  o 
o 
tn 


8 

t 

I 


o 

o 

o 

o 

o 

o 


0 

M 

Al 

AJ 

M 

M 

Al 

AJ 

AJ 

AJ 

AJ 

AJ 

AJ 

AJ 

Al 

AJ 

Al 

Al 

AJ 

AJ 

AJ 

AJ 

AJ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

• 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

• 

» 

* 

• 

• 

* 

» 

• 

• 

• 

» 

• 

» 

• 

• 

• 

• 

• 

• 

• 

* 

• 

• 

• 

• 

• 

• 

4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

X 

0 

0» 

<A 

4 

4 

4 

0 

0 

lA 

Oi 

0 

0 

0 

lA 

o> 

4 

AJ 

4 

lA 

<S 

0 

4 

n 

0 

lA 

lA 

AJ 

04 

CA 

0 

u 

3 

4 

0 

a4 

0 

0 

0 

» 

Al 

A* 

4 

t4 

rv 

lA 

lA 

0 

0 

4 

04 

9> 

0 

3 

0 

A* 

A* 

4 

4 

4 

M 

0 

lA 

04 

0 

04 

4 

r* 

0> 

0 

0 

o> 

h* 

A 

04 

r* 

AJ 

lA 

0 

0 

0 

Al 

4 

lA 

0 

0 

(A 

4 

r«» 

0 

M 

lA 

K 

o» 

04 

4 

0 

h* 

o> 

lA 

4 

0 

A* 

0 

0 

lA 

0 

4 

0 

04 

4 

4 

tA 

«A 

0 

0 

0 

0 

0 

h- 

h* 

h* 

r* 

A- 

0 

m 

0 

0 

0 

0 

0 

0 

Al 

QO 

4 

0 

0 

0 

Al 

0 

to 

K 

4 

fM 

0 

» 

CO 

0 

lA 

4 

CA 

N 

f>t 

0 

0 

0 

0 

0 

flO 

N 

r** 

h* 

r- 

A- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

lA 

lA 

(A 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Ifk 

■0 

<0 

o 

« 

N 

• 

fX 

fX 

u 


•a 

o 

<x 

a 

o 

<0 

0 

o 

lA 

9> 

• 


O 

<0 


« 


« 

o 


<o 

o> 

o 

lA 

A- 

rx 

M 

• 

I 

M 

« 


« 

O 


Al 

« 

4 

o 

44 

I 


000000000000000000000 

ooooooooooooooooooooo 


AJ  • 

o 
<  o 
z  ^ 
o 

•4  44 

lA  lA 

o 


OOOOOOOO.OOOOOOSOOOOO 
^fAO<O4'<A«AA«OX>^A449>44»O<O0<O 
<0<0Or>0>iAlA0>A-Oh-«D«lAB<AOr4»<0 
44A<'a)Ar>oiA«oiAo>^o«Aio>r>'^Aj«4 
r*0«44(AlA(DOrx>Ah>0>fXAr>OAJiAC044a 
00'4t>4  44  44rxAIAIAiMrAIA(Aa  «  ^lAA 

^  ^4  ^4  ^4  ^4  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^4  ^4  ^  ^4  ^ 

•  i  1 1 1 1 1 1 1 1  i  I  r  1 1 1 1  1 1 1 1 


o 

I 

« 

o 

o 

« 

«A 

in 

tn 

• 

I 


0 

ec 


tA 


K 

< 


«AiAX%iAiAAAiAAA>AlAiAAiAtAiAiAlA4a 

OOOOOOOOOOOOOOOOOOOOO 


UiOOOOOOOOOOOOOOOOOOOOO 

z  44|AO><A<0(AQO>4BO'^^0>IOO^«><A440Q 

»-  #rf>A»m<MIAX»Aj44?>^A444»X^a 

44^At<00«A44rtA«OAIA44«^^««)p4tf>0 
<«A«r>4*iAO^«fX<OO-a«>HiA0INlAe«IAA 
Z  •<O<n<>4«4><AO0^IAOr>ANO'A>  ^44MA 
O  ^'a^4«A«AfAIANIXIXrX444444OOOO»0 

«  44  44  44  44  44  44  44  4444444444444444444444440>9> 

^••••••••************* 

•  I  I  I  I  I  I  I  •  I  I  I  I  I  i  I  •  I  I  I  I 

44fXA<AIA4»AIAin(AIA«AIAlAlA«n|AIAl*»r»«*>IA 

OOOOOOOOOOOOOOOOOOOOO 

I 

«  OOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 

4  oooooooccoooooooeoooo 

Z  OOOOO<OIAX>A’IAlA^A><OO»«^r40440 

OOAlO»lA*4r>iAO>0«A<IAO«a44iA«OIA44 
44O^<#IX<O0(A^CO>O««f4iAIA440iAAl0<a 
0OAt<f0A>orx«r40Orx«00O44iA0«0 
■#AI'»00-4'4  44  44  44A|rxAifXrX0«AIAIAIA0 


0  0  0  0  0  0 
000000 


44  m  ^  lA  «A  ^ 
<  A  «A  44  lA  «A  4' 
Z  »  m  4  >4  4  rg 
O  ^  o>  0  44  (A  m 
4«  44  <A  A  0  0> 
A  0  4  Al  O  0  0 
0000^  ^ 

A  A  A  A  A  A 


444444 

000000 


Ui  4  0  0  O  0  >4 
Z  A>  >4  »  h>  4  44 
*»  Al  0  O  9>  A  Al 
A  O  A  O  A 
4  O  44  A  N  0* 

5e»  A  A  A  0  o 
A 


•  00000 


A  A  A  A  Al  Al 

000000 

I 

«  »  0  Al  A>  44  0 
A  A  Al  *4  0  4 
<  Al  Al  Al  A-  4  »4 
Z  0  O  44  0  A  0 
O  A  0  A  A  Al  4 

44  4  44  A>  O  A  44 
A  0  A  A  0  ^  0 
A  A  Al  44  0  4 

*****  I 


OOOOOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOOOOO 

ooooooooooooooooooooo 

0OOOOOOOOCOOOOOOOOOCOO 
OAOAOAOAOAOAOAOAOAOAO 
O^A«xrj^AAlU^AIXOr4AAIOt4AAlO 
A44  4  4  AAAAAIAirxAl444444440  OOO 
000000000000000000000 


000000 


000000 
000000 
0  o  o  o  o  o  o 
000000 
000000 
O  0  0  4  Al  o 


137  , 


» 


AFIPL-Tl*65-57 


AJ^J^4M^^ir^^gf>J^rg(^)r>|r^JrMrgr^J«^JrgrM(^JrM  rgojrstrN<N<M 

o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o 

I  t  I  I  I  I  I  I  I  I  <  I  I  I  I  I  t  I  I  •  I  I  I  I  I  I  I 

•  •••••«>**•»*•••••••••  •••••• 

K  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  ae<*MN»Oin<t 

r'\-9tnsr^ao 

30>«oojin(ri 

<0iA^<0<DC0<O(M'AI***0(M<0<0^<fnO0<<O0«  O)- 

<hK\io>o>A(M 

0a^-ii\'te>i09‘^<0’ttr\^o>eo<o>i\t^r^09  at  ^  \r\  -t  r>4  ^ 

C0h*^h*f^f»f^O«0*0«0«0*AiAiAiAiniAiAiA<^  ^  ^  ^  -S  ^  ^ 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  • 


4'4-*‘**-t-*'*-*-*-**-*-0*****-*-*  ■*■»■*■*■** 

o o o o o o o o o o o o o o o o o o o o o  oooooo 

rg*»***» 

O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O09>'4<^0>0 
<000000000000000000000  <<<M^fMr4-» 

Mm(a4>4o><sisafMinoinoioO'0>'^-tomo<  •-•roo''Ho«^in 

i/)r~if«<rMOeo 

oooooo 

l/^tAiAiAtA«niAlAlAlAlAl^s040^*0^^«0*0^ 

•  ••••••••••••••••••••  •••••• 

I  I  i  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I 


000000000000000000000  oooooo 

<  < 


UJOOOOOOOOOOOOOOOOOOOOO  UJ<-irktr-'^rMin 
X<4(^<<^i0^(^|<^•i^><'><^0000000000  X'^'A^'tA'Aco 
»-<(nln(^tn^sl•-•<v<^•^c«^>o^coln(^«o<<o  »-irvMOi>iF4rg 

<«or'^‘^inf'tNOa>^<<oi>immo>00>i-'0^  <<oaoi<>09«<-' 

XfH^><n(^lAM^•l^(o•tO•MC^«<no<0^ialrtO 

O  <  m  04  <M  o  o  O  sO  ^  <  O  lO O  ao  0>  O  O 

3OCD0O 

^^••••••••••••••••••••*  i0«»**»* 

I  •  I  I  t  I  I  I  I  I  •  I  I  I  I  I  I  t  I  I  I 


OOOOOOCOOOOOOOOOOOOOO  OOOOOO 
I  I 


0:000000000000000000000  oco>rvaol<^roeo 
OOOOOOCOOOOOOOOOOOOOO  rg  (^  •»  o  o  < 
<000000000000000000000  <<Oll^•-l^>^•'4 

XOOOO^•l^lrM^•<^4l^<OrMg><om^g<0>^(Of^l<0  X<<Org<o<«> 

OOoir>ao<(^4>o<-'^'*a>4>'#ioc'ioi<^<<intf\  oooooisO'# 
Moo(^o<ovr«g><*tOl004^>(^oo<^^>•#o  »o<o(^(^<o•-• 

tnOln<n^■<M<nao•-•<^>(^rg<<OcO'4l*\<<ooo  I/)00000« 

•  ••••••••••••••••••••  •••  ^ 


oocooooooooooooooocoo 


oooooo 


OOOOOOOCOOOOOOOOOCO'OO  oooooo 

000000000000000000000  oooooo 

ttOUOOCOOOOOOOOOOOOOCOO  a  oooooo 
OOOOOOCOOOOOOOOOOOOOO  oooooo 

04>fg<n<o<org<a'tu<crgio4u<oiM«4o  oooooo 

«Dr*'^'<00'Oif>>n444C^I'IINIXf^'^^000  0(B>04(MO 


138 


AFIPL-TR-65-57 


I 

I 


! 


I 

t 

I 


I 

I 

I 

I 


ooooooooooooooooooooo 

I  I  •  I  I  I  i  I  I  t  I  i  I  I  I  •  •  I  I 

(KO«0>4>'M>nt>ao>tr~«h-m'Ar>'  ^OOOOOO 

(M®o4iAO'tf9>ror>rg®^iAO^>HinO>^®IM 

ooooooooooooooooo>®ar'r> 


I  I  I  I  I  i  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


rsl  l\)  r<4  rst  r4  IM 
O  O  O  O  O  O 
I  I  I  I  I  I 

•  ••••» 
OC  ri  o  S  ^  » 
®  lA  ®  oj  4  O 
3  m  o  (^  ®  ® 

®  O  O  (A  (M  O 

Al  o  4  A| 

•-1^0000 
t«-  «A  o»  lA 
^  ^  oo  CO  ® 

•  ••••• 

I  I  I  I  I  I 


«4444444iAiAiAiAiAiAiAtAiAiAiAiAlA 

OOOOOOOOOOOOOOOOOOOOO 


J  CA  («>  fO  «A  (A 

o  o  o  o  o  o 


ooooooooooooooooooooo 

<  OOOOOOOOlA^■P^r4(^J<Ol^«(^ilA'4(^Nr* 
X  <AOAI^OfMh*iAf^h*0'f^O^OOiA»Of^^iA 
OOON««4O<0iAr-ih>4Or-lAOr»4<>40>O 
MAir«‘A<r>-IM®.90>Oi-«F4AilAIA4>AiA<AKr>-B 
lAOOA-KSOO^OtOOOOOOOOOOOOO 
0'0»»9'0>»0«(>0000000000000 

Qs  ^  ^  ^  Q\  ^  ^  ^  ^  ^  ^  ^  ^  t-^  ^  ^4  rH  ^  pH 


tg  •••••• 

hh  o  4  »A  4 
4  o«  (A  r*  O 
r  4  A-  M  O  f«-  f 
O  9>  O  «  <A  4) 
M  ^  O  ^  (A  (A  O 
t/)  lA  O  Al  O  lA  O 
O  a>  O  At  (A  4 
^  ^  (X)  >o 


I  •  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I 


lA«A<AlA>AiAlAlAiAlAlAlAlAiAlAlAiAAlAlAA 

OOOOOOOOOOOOOOOOOOOOO 


<*44444 
O  O  O  O  O  O 


Ul 

O 

O 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

UJ 

O  Al  A  Al  A*  Al 

X 

<o 

m 

4 

A 

4 

0> 

pH 

« 

o 

flO 

4 

A 

4 

« 

z 

4  (A  A  A  A  A 

4 

O'  ^ 

N 

O 

A 

0> 

4M 

o 

A 

4H 

Al 

(A 

4 

r* 

h* 

A 

o 

►- 

^  OD  30  44  p4  O 

4 

O 

<o 

4-9 

N 

f* 

O 

4 

4H 

4 

h* 

O' 

Al 

4 

A 

oo 

o 

A  A  A  Al  O  4 

< 

O 

<o 

•i4 

A-  N 

• 

4 

O 

A 

o 

A 

A 

44 

M 

N 

« 

< 

A  Al  A'  o  ®  r* 

z  « 

<o 

<n  N 

O 

» 

A 

rsj 

o 

(A 

h* 

A 

4 

1*3 

44 

o 

« 

z 

^  ^  CD 

O  pH 

•M  m4 

M 

o 

o 

O 

o 

O 

o 

o 

O^ 

o> 

(A 

9> 

O' 

o 

o 

«  r>  A  4  Al  o 

mm 

M 

Al 

Al  Al 

N 

Al 

rs4 

Al 

r>i 

IN 

rM 

Al 

44 

44 

44 

44 

44 

44 

44 

p4 

44 

44  44  44  b4  44  44 

A 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

A 

1 

1 

i 

i  1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

fw 

«M  fV 

fV 

I*' 

<»> 

rs 

m 

1*3 

f*> 

43 

l*> 

1*3 

I*' 

1*3  f*>  1*3  1*3  f>J  fV 

o 

o 

o 

o  o 

O 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o  o  o  o  o  o 

I  I 


OCOOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 
<COOOOOCOOOOCOOOOOOOOO 
X  OOOOOO<0OCAA>O4«H44«OAt4W«4> 
o  OAltAOOlAO  >^'4  <OBOA><OIAOiAO>N4iA 

mOOO'^iA'HO.  orH<OiA4iAA<pH»OOOiA^H4 

«/)Ooo>o»o>o>pHiAiAr>0'H4iAiArHnoAi4<eB 

fHAt<AlA^•(^■■Hl■Hl-•tHFHlg^t|IVf4A(IAfAIAIAIA 


QC  <0  <0  lA 
lA  »  Al 
<440 
I  O  PH  lA 
O  lA  lA  lA 
M  p4  lA  O 
(A  B  O  Al 
•A  lA  Al 


O  CO  lA 
pH  O 
OO  A  A> 
O  lA 
pH  4>  O 

pH  <0  ^ 
A  4  <A 
pH  Al 


I 


OOOOOOOOOOOOOOOOOOOOO 


O  O  O  O  O  O 


OOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 
tt  OOOOOOOOOOOOOOOOOOOOO 
OAOAOAOAOAOAOAOAOAOAO 
CBr>A4igpH9>B«AAAlO(AA>«4A^O 
AtvAirgAiAiigpHpHpptHpHPHPHOOO  OOOO 
'0'0'0<0<0<0<0<0<0<0<0<0<0<0<0<0<0<0'0<0<0 


O  O  O  O  O  O 

O  O  o  o  o  o 
a  o  o  o  o  o  o 
o  o  o  o  O  o 
o  o  o  o  o  o 
O  Al  4  O  •  o 
O  A  4  fA  Al  ig 


139 


► 


26785714*  07  G2  .20000000*  06  AA1-. 14400000 *-02  #A2-.43200000 *-01 


AFllPL-TR-65*57 


o 

o 


o 

o 

o 

o 

o 

o 

«) 


<o 

o 


o 

o 

o 

o 

o 

o 

o 

r* 


^4 

o  o  o  o 

I  I  I  I 


o 

I 


o  o 
I  I 


r-tf-i>-4>HrgrMrjrg(\jrMrgrsirgri 

oooooooooooooo 

I  I  I  I  I  I  I  I  I  I  I  I  I  I 


* 

I 

D 

z 


Ui  *  • 

I/) 


u  u 


4 

X 

4 

U 

3 

r» 

0 

0 

• 

• 

0 

tO 

0 

0 

0 

0 

(A 

0 

4 

. 

0 

tO 

0 

0 

0 

0 

m 

a 

IV 

0 

eg 

0 

* 

• 

< 

0 

z 

0 

AJ 

0 

m 

OC 

AJ 

pp 

fO 

u 

Ifl 

* 

<v 

3 

0 

Z 

1 

0 

» 

0 

* 

n- 

c 

Ai 

0 

0 

dO 

0 

0 

< 

. 

0 

0 

0 

4 

UI 

0 

« 

0 

z 

5 

•* 

tA 

►- 

0 

* 

Ot 

0 

1 

• 

< 

0 

rv 

X 

m 

0 

<A 

0 

M 

* 

U 

10 

M 

Ui 

0 

1 

A* 

• 

0 

M 

0 

0 

0 

• 

0 

0 

cA 

• 

0 

0* 

• 

Al 

oc 

0 

0 

pN 

0) 

0 

0 

0 

4 

4 

• 

< 

0 

0 

r* 

9t 

• 

z 

0 

f* 

0 

O' 

0 

0 

• 

pg 

lA 

fg 

M 

0 

1 

ig 

a> 

« 

< 

• 

AI 

0 

t- 

pg 

a> 

• 

UI 

AI 

• 

AI 

z 

1 

lA 

0 

K 

0 

AI 

4 

oe 

0 

(D 

• 

1 

A* 

1 

IV 

0 

4 

0 

0 

0 

1 

• 

» 

. 

• 

0 

0 

fA 

AI 

Z 

0 

0 

0 

pg 

pp 

0 

0 

«o 

4 

< 

0 

0 

pg 

a 

0 

0 

0 

a> 

H 

QC 

m 

0 

CA 

4 

4 

« 

'9 

4 

0 

4 

• 

• 

* 

• 

< 

1 

1 

pp 

oe 

pg 

p4 

K 

at 

0 

U 

03 

4 

O<B<-i>^l>a0rg^.t0N«HOOOOOOOOOO 

Of«o-o 

O'lrtcr^  \j<oor'<4(i>(i'0>x*oo>/>r^rgo>-<>r> 

0>«or>r>>o  n4(^(M'HO>o<or»90aDOOO'4rM 
OOOOOOOOUOO(^eo^><OK^^ 


pN 

p4 

P4 

p^ 

pg 

p4 

p^ 

O'  O' 

O' 

0* 

r 

1 

r 

1* 

1 

1 

1* 

1* 

‘ 

1 

1 

1 

1 

1 

1 

• 

1 

1 

1 

1 

1 

4^ 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

0000 

0  0 

0  0 

000000000000 

0 

p 

0 

P 

0 

p 

0 

p 

0 

p 

0 

P 

0 

P 

0 

P 

0 

p 

0 

P 

0 

p 

0 

P 

0 

p 

0 

p 

0 

p 

0 

p 

0 

p 

0 

P 

0 

p 

0 

p 

0 

p 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

00 

tA 

A- 

p4 

0 

(A 

lA 

4 

fg 

A* 

A- 

4 

4 

O' 

>0 

rg 

tA 

f*- 

h* 

Ot 

tA 

V 

A* 

AI 

tA 

p^ 

P4 

4 

p4 

pg 

lA 

l«t 

4 

O' 

CO 

pg 

A- 

A- 

0 

0 

A* 

<0 

lA 

a\ 

tA 

4 

A- 

4 

0 

M 

4 

A- 

0 

lA 

f^ 

fg 

>0 

p4 

A* 

eo 

O' 

0 

AI 

lA 

4 

tA 

4 

4 

o« 

0 

Pp 

lA 

4 

lA 

A- 

0 

4 

tA 

lA 

tA 

tA 

lA 

lA 

tA 

lA 

tA 

•0 

<0 

<0 

>0 

4 

<0 

>0 

A* 

a 

0 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

0 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

• 

• 

• 

• 

• 

• 

• 

p 

• 

• 

• 

• 

• 

• 

p 

• 

p 

p 

p 

p 

p 

1 

1 

1 

1 

1 

1 

1 

1 

1 

' 

' 

1 

1 

1 

1 

' 

1 

• 

1 

1 

• 

tA 

0% 

J\ 

J\ 

tA 

tA 

lA 

0% 

tA 

lA 

tA 

J\ 

lA 

tA 

lA 

lA 

tA 

\i\ 

lA 

tA 

ON 

C» 

0 

C> 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

ooooooooooooooooooooo 

ao<^lrt4^*‘  44O'<oa>«irg4oo>oii0r«o>i/\  4 
<^•-•('l44  4m•-•C^«|rl0.  40>(M^iOO'MrxM 

<^^-4^^lO»^-lAr^Jcr'l/^^(Ooo>r»^^ooBlnl«o 

..^^.4000000>o(>o>eoaoisisr>-Nr«’h> 


I  I  i  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I 


coooooooocooooooooooc 

I 


oouooooocoooooooooooc 

CiOOOOOOUOOOOOOOOOOOOO 
CjOOCOOOOOOC'COOOOOOOCO 
0000<Oi*^i*)<t)i-40'eDCil'tO>4'40'<S<04rg 
04}(vi>iO<oi»i<'<oir>(Mr>a>4><M>ri4'->i04>4 
0•-•0«Ol«>4>Or*■lS(^9>(^(^0>JOr»  04rgO 

4  4  4  it\  <t\  <0 


o  r-  c  c  O  o  o  o  o  r.  II  o  r>  o  o  u  r.  o  o  o  c 


c-  »■»  u  o  o  o  o  o  o  o  c  c  o  o  o  c-  o  c  o  o  o 
c  0000000 oooooooooooou 

OOOOOOOOoOOCOOOOOUOOO 

oinoinc  looioomcinotfioioo^omc 
Ci  r-  in  iM  r-  w*  iM  t '  iTi  IV  I  <  in  iM  o  »vt  c* 

m444  4mmmmrvrgfvrvi-iF.«i^cic:c'ri 
OOO^OOOiOiOOiOiOiCiOiOiOiOiOiOiOiO 


oc 

3 


KJ 

< 

z 

o 

M 

I/) 


< 

z 

o 

Irt 


QC 

4 

> 

o 

«/) 


o: 


140 


!> 


rg  iv  rvj 

000000 
I  I  I  I  I  I 

*»•••» 

00  00  o 

rg  ^  N  («>  GO 

moot>u^h- 

^  h-  4  ^  m 

fH  4  ^  GO  O 

^  O  00  O  ^ 
^  rg  to  4  O 

•  •»••• 

I  I  I  I  I  I 


444444 

000000 


fg  M  o  fg 

tO  4  (^  t/N  4  4 

O  1/^  ^  4  <>  <M 

0^  rg  o  to  4  <x> 

if>  rg  4  fg  g>  rg 

Ofg  4  tA  o 

lA  lA  4  fg  ^ 


4  4  4  4  4  4 

000000 


Q  ^  4  4  lA 

lA  lA  (O  O  tA 

4  4  >  00  ^ 

CD  4  CO  4  h*  O 
fA  fA  O  O  4 
^  ^  O  4 
K  g>  tA  CA  (g  ^ 

IN  ig  eg  rg  Aj  N 


lA  fr.  <A  cA  »A  rg 
000  COO 
I 


IN  rg  lA  lA  r-i  eg 

^  tA  'O  O 

c^  4  00 

at  O  rg 

fr^  fA  o  a> 

O  IN  O  O* 

^  O  t>  *0  |A  ^ 
«0  tA  lA  rg  <-4  lA 


^  ^ 

c;  r.  c  coo 


c  o  o  o  o  o 
000000 
C  C»  O  o  o  o 

C  C*J  o  o  o  o 

f  O  )  *  I 

c  rg  4  ^  o 

lA  4  lA  rg  Aj 


AFltPL-Tt-65-57 


o 

o 


o 

c 

o 

o 


S  8 

o 
o 


o 

8 

o 

o 

o 

«> 


ki 


o 

o 

o 

o 

8 

•n 


o 

o 

o 

o 

o 

o 

o 

(M 

o 


in 


<o 

tsi 


8  i 


o 

o 

o 


I  M 


<  Ul 


o 

o 

o 

o 

o 

o 

« 


o 

« 


• 

o 

o 

o 

o 

o 

• 


«/) 

< 


o 

t 

• 

o 

o 

o 

o 

o 

o 

o 

I 

< 

UJ 

X 


«v 

o 

I 

o 

8 

o 

o 

o 

I 

« 

o 


<o 

o 


o 

o 

o 

o 

o 

o 


o 

o 

^  0H  0^ 

rg  rg 

AJ  rg  Ai 

rg  rg  Ai 

jg 

rg 

rg 

rg 

rg  rg  rg  eg  rg  rg 

o 

r>j 

o  o  o 

o  o 

o  o 

o 

o 

o  o 

o  o  o 

o  o  o 

o 

o 

o 

o 

o  o  o  o  o  o 

<0 

• 

1  1  • 

1  1 

1  t 

1 

1 

1  1 

1  1  1 

1  1  1 

1 

1 

1 

1 

1  1  1  1  1  1 

p4 

*  •  A 

*  * 

»  » 

m 

* 

•  • 

•  •  » 

•  •  • 

• 

» 

• 

• 

Z  »  0  » 

(A  ^  O  O  ^ 

o  o 

oooooooooo 

z  n>  <o  4  0  g> 

1 

♦ 

o  gN  0  (MO 

o  « 

A  ^  ^ 

^  A  o 

A 

A 

A 

c«i  f**  rg  9  A  A 

m 

u 

3  00  CD  n> 

4  o  g^  e- 

O' 

IB  04  * 

eo  gi  4  g^  9 1*1 

CO  A  A 

O  ^  A  A  A 

3 

eg  •#  g>  00  O 

^  oi  m 

g>  eg 

«D(hOO'DNAf^A> 

A 

A  O  A  A  A 

Z 

O'  -0  O' 

«  o  g%  o  gi 

o  gN  >a 

g>  g>  r> 

A  A  A  A 

4 

A  eg 

ig  A  A  A  O  A 

0^  to 

A  ^ 

AJ  A  O 

A  O  A 

O  A  O  A  O  A 

o 

O  A  rg  h»  rg  A 

o 

o 

ftr^OOOOOOOO'IO 

A  A  A  AJ  O 

g> 

4 

A 

(*)  CO  4  O'  gi  o 

o 

^  ^  ^ 

w-4  Oi  (O 

O'  O'  9 

00  9  00 

« 

9  r*  AAA 

o 

o 

• 

* 

•  •  • 

•  • 

•  • 

• 

• 

•  • 

•  •  • 

•  •  • 

• 

• 

• 

• 

1 

o 

1  1  1 

1  1 

1  1 

1 

1 

1  i 

1  1  1 

1  1  1 

1 

1 

1 

1 

1  1  i  1  1  1 

# 

• 

o 

o 

o 

o 

o 

o 

g% 

o 

o 

o 

♦ 

4  « 

•* 

^  -g 

<g 

4  4 

4  4  4 

4  4  4 

4 

4 

4 

4 

444444 

o 

o 

• 

o 

ooooooooooo 

o  O  O 

O  O  O 

o  o  o  o 

O  O  O  O  o  O 

o 

o 

o 

o 

o 

o 

o 

o 

ni 

to 

•  * 

»  » 

* 

» 

»  m 

*  »  • 

»  *  » 

• 

» 

• 

• 

o 

M 

o 

Ot 

o  o  o 

o  o 

o  o 

o 

o 

o  o 

O  o  o 

o  o  o 

o 

O 

O 

O 

4  41  4  <9  O  4 

o 

o 

• 

• 

<  o  oo 

o  o 

o  o 

o 

o 

o  o 

o  o  o 

o  o  o 

o 

O 

o 

o 

<  A  rg  a  a  rg 

o> 

o 

Z  '0  <0  01 

^  r** 

m  A 

A 

A 

O'  r* 

g>  K  eg 

fg  oo  ^ 

M 

A 

A 

9 

r.  g>  o  'O  <n  4  n- 

• 

• 

o 

o 

ni 

o  <*«  g)  e* 

f-  g% 

AA  r** 

4 

A  A 

g>  gi  4 

eg  <^  e- 

4 

OD 

O  m  (^  eg  ^  4 

1 

m 

ac 

ot 

•1  e«  a  eg 

<o  ^ 

A*  lA 

O' 

a>  CD 

O 

CO  rg  9 

A 

A 

M  A  rg  A  A  A  A 

n 

KJ 

i/>  oo  (^  •-* 

M  ^ 

A  ^ 

» 

o 

eg  4 

A  O' 

AAA 

4 

n- 

o 

in  00  ^  m  m  0  e» 

3 

< 

• 

r*  ® 

00  9 

<t>  OO 

flO 

O' 

O'  O' 

O'  o  o 

o  o  o 

eg 

m  eg  o  O'  9 

z 

< 

«  «>  O) 

O  « 

o  o 

CD 

9  9 

eo  CO  (^ 

(h  (>  o 

O' 

O' 

O' 

O' 

rg  rg  rg  rg 

D 

o 

<0 

•  •  • 

•  • 

•  • 

• 

• 

•  • 

•  •  • 

•  •  • 

• 

• 

m 

• 

z 

t 

o 

1  •  1 

1  1 

1  1 

1 

• 

1  1 

1  1  1 

1  1  1 

1 

1 

1 

1 

o 

eg 

• 

o 

o 

o 

• 

1 

r- 

o 

«A  lA 

lA  A 

A  A 

A 

A 

A  A 

AAA 

AAA 

A 

A 

A 

A 

4  4  4  4  4  4 

• 

• 

o 

o 

• 

o  o  o 

o  o 

o  o 

o 

o 

o  c 

o  o  o 

o  o  o 

o 

o 

o 

o 

O  O  O  O  O  O 

o 

o 

o 

o 

< 

o 

o 

# 

o 

<« 

K  »  *  » 

*  * 

»  » 

• 

• 

•  • 

•  •  » 

•  »  » 

• 

• 

• 

* 

o 

o 

o 

o 

•# 

luooooooooooooooooooooo 

Ul  ^  o  'g  *0  o  4 

8 


S<i4>n><n<noinN«i 


iTiioO'Ninina'COOio 
i«>jcor^d>inf'i'#f*m  -ifk 

•o«oi-««nmr»oiONin«in<i><o^>Nh-r«r»p>« 
moi<ONio^or>fno«inMn-in9>ino4r»i*>o>in 
(M«^o4p4ooooioieo«ief^h->o««inin«4 

•  t  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  r 


1  in 


< 

z 

o 


«*> 

o> 


04 

nj 

u 


« 

•n 

O 

<0 


<0 


<o 

o 


<o 

<o 

Oi 

o 

r» 

nj 

<-» 

• 

I 

ni 

O 


<0 

o 


ni 


o 


I 

a 


04 

o 

I 


o 

« 


<« 


< 

« 


in 


K 

< 


•■^nimmmmininmininmmfomfnmmmfnm 

ooooooooooooocooooooc 

I 

acoooooooooooooooooooo 
ooooooooooo&ooooooooo 
<  CC0O0000COCOOC00030O0 
Zoo«kin'4>-irk<ooi'4n«^r««>tft«r»iMr>fN4> 
00«n4«o«^n><o«>'«njm<oiMiMNini-4««oo> 
MOo>tf^<o^•«or>0'#(^<<^lnolno>nl'#<o««tf^ 
inoniOinoinoinoinoi^oiinrorgino^tDni 
<Min'4i-in4iNmm'#'#«intf\«<or»n>(0«<soi 


•"4  ^  h*  ^ 

«0  O  ni  nj  o 

r>  'H  (n  fg  9>  « 
<  o  nj  in  <n  m  « 
Z  #  «  ng  r>  rg  « 
^  ee  ^  «  g% 

m  m  ^  fn  m  ^ 
in  •  •  •  •  •  • 


m  m  m  «*>  1*1  rii 

o  o  o  o  o  o 


a  «  ■#  m  <o  o 

m  #  o  «*i  ■# 

«  g)  !•>  nj  1*1 

X  1*1  ^  «n  fg  (*i 

O  cn  o  m  r>  <*i 

M  m  eo  <o  g> 

m  nj  ^  o  nj  *g  J 


I 

I 


o>  h>  g>  •*  ni 


I 


oooeooooooccocooooooc 


cccooooooou 

ouooooooooc 

cooouoouooo 

coocooooooo 

og>(gn<#(><orgia'«o 

*0  ^9  ^9  ^9  ^9 


ocoooooooo 

cooooooooo 

ocoooooooo 

cooooooooo 

<oni««(jg>N«^o 

I*  inninjrg^MOOC 


o  o  o  o  o  o 


o  c  o  o  o  o 
o  o  o  o  o  o 
ee  o  c  o  o  o  o 
o  c  o  o  o  o 
o  o  o  o  o  o 
c  rg  4  <o  o  o 
<o  m  «  1*1  n*  nt 


141 


AFllPL-ni-65-S7 


o 

o 


o 

o 

o 

o 

o 

o 

•e 


<o 

o 


o 

o 

o 

o 

o 

o 

o 


ooooooooooooooooooooo 

I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


i>4^^0f^^4teooi^nm^r-eoeoo>o^000 

<0«^mo'maoi>j«0^0'mr>i^iA04'eO(>4K>i4 

^^m<M<MF4>i«o09>conr^t»04>>n<t4'(^m 

<c<0'0*0'0'0^<oo<A<niAmii%ini/\ininininin 


I  I  I  I  i  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


ooooooooooooooooooooo 


ooooooooooooooooooooo 

ooooooooooooooooooooo 

OOfHO<«nini«oin<ooma)<«\«mo>4niMO>r> 

r\ja)^0<oiMeoinr4r>«o«mo'4>(vo>>0<xO' 

00(O(0C0OC0(DflDiA9(t>c0OC0tX>O(0(Dfl0fl0a0 


t  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I 


OOOOOOOOOOOOOOOOOOOOO 


ooooooooooooooooooooo 

«>itn«c>>-«'*«o>N<»<oo>r4i^i«>cDOrg(*\irtr>o> 

Ofs)^h-(h'-im>OiCON>/\t-0>-^'*<OtOOr>t^ 

^OO‘«r«^>«m•*'#l«^(y>«oo(^•r«r»<0a^ 


I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


ooooooooooooooooooooo 

I 


ooooooooooooooooooooo 

ooooooooooooooooooooo 

ooooooooooooooooooooo 

ooooooooooooooo>^r>oco«h> 

OO'-'^'h*  <O^F4ixa)OIMCI*>^9><*0^0>  l*> 
o^oo>oo^<o«NO>r«  ^fMr«i«>^eoinp«r>  « 
oo4or«  '4•i4«ll>^lSl<^l^i«olAOO'4(^4f^4l't 


OOOOOOCOOOOOCiCOOOOOOO 


OOCOOOOOOOOOOOUOOOOO  o 
OOOOOOOOOOOOOOOOOOOOO 

ooooooooooooooooooooo 
oii>CiriOtf>Otf\oiooir«Cinoirtoinomo 
n  n  m  4  iMt-<o«ii0ini'>ivo>r>4>4mti4O 

«»lfM»MIM»MIM(X'^<-ii-««Hi-if-ii-«000000  O 


o  o  o  o  o  o 

I  I  I  I  I  I 
oc  N  m  ru  in  in  9> 

<0  O  l-l  IH  ^ 

3  O  <M  <M  eo  O  O 

ni  oi  lO  ni  o  m 

eo  tO  1^  Oi 

m  ^  O  o>  eo  <0 

m  in  in  ^  ^ 


I  I  I  I  I  I 


o  o  o  o  o  o 

rg  •••••• 

m  r»  in  r-  «o 
<  ^  ni  in  o  <0 
X  ^  CD  <o  O'  in 
O  «  s  lO  ni 
M  h>  eo  9  O  i-i  nj 
I/)  ♦  I*!  M  ni  1^  o 
^9  ^9 

rsj  rM  M  fM  rv  (M 


4  *■*■»•*  •* 
o  o  o  o  o  o 

< 


U  9  in  <0  f\j  <g 
X  N  «D  <0  N  IM  o 
K  rx  r»  o  o  CO 

M  <o  cn  fx  rx 

<  <0  lO  r>  eo  9  O 

S9  9  9  9  9  O 
rx  ig  rx  rx  nx  m 
•«  ♦  9  ♦  •»  >»  •# 
U)  •••••• 


m  m  CM  fx  nj  nj 
o  c  o  o  o  o 

I 


K  0  o  m  n-  4 
4  4  CM  m  h-  4 
<  4  9  eo  r>  4 

Z  o  rx  m  r-  4 
i««  f4  K4  x)  in  4 
4  eo  >0  n-  in  4 
I/)  cn  o  4  n-  4 
•-I  t-i  eo  m  nj  4 

I 


o  c.  c  o  o  c 


C  C  C  O  O  O 

O  O  O  o  o  o 
a  o  c  o  o  o  o 
o  c  c  c  o  o 
c  o  o  o  o  o 
o  CD  lO  4  CM  O 

^  »>4  ^  ^  ^  ^ 

cn  c»' m  cn  !»>  cn 


t 


142 


> 


AFItPL-TR-65-S7 


I 

» 

► 

I 


OOOOOOOOOOOOOOOOOOOOQ 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  T 

'4ao(0<M'4'0)'iNt.f.ii4^rM«in^O'0P>''«ro 

39>O«OOO»<O«'*rg(>«fMem0mh-Om4>O 

«0«r^<OiA4m(M>400«OK4iA'#moi'40S> 


o  o  o  o  o  o 

I  I  I  I  I  I 

»  •  • 

o  •*  <8  o 

OO  O  O  tA  fH 

«  -e  <8  o  o  <0 
0  m  eo  Ai  lA 

(A  0»  0  0<  lA 

9>  ^  0  lA  (A  (V 
Al  AJ  Al  rg  (M  AJ 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


I  I  I  I  I  I 


ooooAoooooooooooooooe 


000000 


oooooooooooooeooo 
<  00000000000000000 

Z  0<AO^>'*A<000>(^AJtA(^4'Or«<0 
o  a>ao«o<A^Ai«<#Agp4<v00e4O 
•-i«OAI0A>l>A4.tA>OlA«O'Ai<O9IA 
t/i0ao>Oi>'Aj#iAgi0OOMm8iAh> 
•Hi-tr^AirgAirgAgAiAlAJ  CA(A»AIA<A(A 

I  i  i  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


ss 

ss 

fA  4 


O 

s 
ss 

-*  M 
«  * 
r-  r» 

•  • 

I  I 


lA  »  0  O  O  A* 
<  lA  Ai  (A  r-  Fg  r» 

5ia  lA  o>  r-  o  0 

^  ^  lA  Ai  ^  n 

M  0  r>  0  O'  o  o 

0  0  ^  fA  AJ  N 
r'f^r»A’r»A- 
0  0  (A  0  «A  (A 


000000000000000000000 

OOOOOOOOOOOOOOOOOOOOO 


000000 


I  OOOOOOOOOOOOOOOOOOOOO 
:^AiAiA-«H00^>4cg00Air>0>4r«0^«0 
'0O>O9>r'‘A<0«00(N08«»00O«AirAAl» 
0AiA<OO004’(NO00NO>00O0A|00 

:  or>4^r«>  ^•h00ai00aio0N00aio0 
:  O0A>0^0NO9>000«N0O0A'0'#0 
I  0rMAI(V<^N(NA<^>'4>ig>M>Hf4^>igOOOOO 


0 


I  I  •  I  I  I 


•  I  I  I  I  I  I  I  I  I  I  I  I  I 


Ui  0  0  •'g  0  0  o 
X  0  0  0  «  0  o 
K  <000000 
<A  •'g  <“<  0  0  0 
<  0  0  0  0  A*  0 
Z  »4  rg  0  0  0  0 
0000000 

M  0  0  0  0  0  0 

0  •  •  •  •  t  • 


t-if-ii^AgrgA<A4(^A(rMAj0000000m00 

OOOOOOOOOOOOOOOOOOOOO 


aooooooooooooooooooooe 

OOOOOOOOOOOOOOOOOOOOO 

< 0000000000000 c 0000000 

Z  OOOOOOOOOOONA<00O>000>0O 
O  OO00000A<O>0000A>0rg|A0lh00 
•'•OA'000O»0(Arg0r>  00A4'gO0r«00Ai 
0O99>9>(A00r«r'-00Or>)rg00000r^0 

'4(A<'4A<0000^0O>^^^>Hr<<p4v4^r4r4 


0  0  0  Al  Aj  AJ 

000000 

I 

K  000000 
0  ^  A-  »gA<  0 
0  ^00000 
Z  0  0  0  o  0 

v9  0  o  0  0 

M  N  r>  ^  0  0  0 

0  0  0  i-»  0  A-  0 

pn  A^  0  0 


oocccooooooooocooccc 


c  o  c  c  o  o 


oocooooooooocoooooooo 

OOOOOOOOOOOOOOOOOOOOO 

aoooooooooooooooooooop 

000000000000000000000 

ON0N^^0Ai:jt«>0AIOA>0NO00MO 
000000000A«A<Agrgf-ipi«ppp4OOOO 
AJAtAIAtAIAIAIAIAtAJAJAiAlAjAIAIAIAINNN 
00fP00000000IA|r.  0fA00|A000 


O  O  C  O  O  O 

000000 
K  O  O  o  o  o  o 
O  O  o  o  o  o 
o  0  o  r>  o  o 
o  0  0  0  Al  O 

Al  M  •-)  tH  <-l 
0  0  0  0  A<  0 


[  143 

I 

L 


> 


ArilPL-Tll*65-57 


o 

o 


o 

o 

o 

o 

o 

o 

<o 


«A 

u 


<o 

o 


o 

o 

u 

o 

o 

o 

o 

CM 

■0 

0 


cn 

u 

3 

Z 

n- 

0 

0 

0 

0 

0 

• 

• 

1 

0 

<0 

• 

• 

0 

0 

PC 

0 

0 

0 

0 

m 

0 

0 

0 

0 

0 

0 

A 

0 

9 

0 

0 

0 

0 

0 

0 

0 

0 

pH 

«o 

0 

CM 

0 

cn 

CM 

0 

cn 

0 

• 

• 

Oi 

0 

0 

• 

• 

0 

0 

CM 

1 

O' 

CM 

CM 

CM 

cn 

Li 

3 

< 

• 

Z 

< 

CM 

3 

0 

9 

Z 

1 

0 

0 

CM 

• 

0 

0 

0 

• 

1 

n- 

0 

CM 

• 

* 

0 

a 

0 

0 

0 

0 

0 

0 

• 

0 

9 

0 

0 

0 

0 

0 

8 

8 

0 

0 

« 

0 

m 

0 

0 

0 

• 

Oi 

0 

0 

0 

1 

• 

cn 

0 

N 

• 

• 

m 

0 

cn 

1 

pM 

PC 

pg 

• 

U 

3 

< 

CM 

Z 

< 

Ui 

0 

1 

f«“ 

• 

0 

»» 

9 

0 

9 

0 

0 

0 

0 

• 

0 

0 

cr» 

• 

• 

• 

0 

01 

p 

CM 

0 

0 

0 

0 

pH 

9 

0 

0 

0 

0 

0 

0 

9 

1 

0 

0 

0 

0 

r* 

9> 

p 

0 

0 

0 

r* 

0 

n- 

0 

0 

0 

• 

pH 

m 

pH 

0 

0 

0 

1 

CM 

r- 

91 

m 

0 

CM 

< 

• 

CM 

in 

CM 

« 

►- 

pH 

0 

• 

• 

• 

Ui 

CM 

• 

pH 

z 

PH 

1 

pH 

CM 

CM 

0 

»- 

LC 

CM 

cn 

Ui 

0 

et 

0 

a 

p 

1 

h- 

r* 

CM 

0 

9 

0 

0 

0 

c 

0 

1 

• 

• 

• 

• 

• 

<0 

p 

0 

0 

0 

c 

cn 

CM 

z 

0 

0 

0 

0 

pH 

PH 

0 

0 

0 

9 

9 

< 

0 

m 

0 

0 

pH 

at 

0 

« 

0 

0 

0 

m 

*- 

0 

r* 

• 

0 

cn 

0 

9 

m 

9 

CM 

9 

9 

0 

0 

CM 

CC^ 

0 

• 

PC 

3 

• 

• 

• 

• 

B 

< 

1 

pH 

1 

pp 

f-t 

ec 

pH 

pH 

K 

Ui 

0 

ec 

0 

u 

CO 

< 

ooooooooooooooooooooo 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

•n<A'#cD004>'4(MM>r^^•'40'«c«^lntf>^•cnK^ 

'404><Mr^0c*«4  ^i'<>^r^rM4>0>000>h‘ma> 
r^r^r>tt>\t>\000  0  0  0mf\f^—tt-tO0)r^'O0 
^iAO«c<%r>>4i<\o>mc^^u\O<mh>^tn0CM>OO 

l*im<<tl<\C<%rMCMlMrMCM(Mi-4<-c>H«-i^>-40000 


^  fH  rg  CM 

o  o  o  o  o  o 

I  I  I  I  I  I 

•  •  •  •  •  • 

(X  C«>  «  M)  o  O  O 
a>  >4  9^  o>  (h 
3  CD  ^  CM  in  ^  (^ 
^  CO  cn  o  s 

O  in  ^  <0  m  in 

in  m  ^  o  ^  ^ 
O  o  o  o  o>  r^ 


^  ^  ^ 

^  ^ 

-4 

•-4  ^ 

^  ^ 

•  •  •  • 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

•  • 

• 

•  ••••• 

till 

1  1  1 

1 

1 

1 

1 

1 

1 

1 

1 

1  • 

1 

1  1 

1 

1  1  1  1  1  1 

■*<*<*•* 

it  ^ 

0 

4- 

4 

4 

4 

4 

4 

4 

4  4 

444 

4 

444444 

ooooooooooooooooooooo 

000000 

CM 

•  »  •  • 

•  •  * 

» 

* 

* 

» 

* 

» 

» 

• 

»  • 

• 

•  • 

• 

CM 

0000 

000 

0 

0 

0 

0 

0 

0 

0 

0 

0  0 

0 

0  0 

0 

A  0  ^  ^  ^  A 

< 

0000 

000 

0 

0 

0 

0 

0 

0 

0 

0 

0  0 

0 

0  0 

0 

< 

^  ^  A  ^ 

z 

«A  ^  ^  fV 

CD  0  M 

lA 

A 

A 

(A 

A4 

A 

0 

4 

^  0 

A 

Oi 

z 

CM  CM  0  in  r*-  « 

3 

m  fH  .0 

M>  CM  0 

A 

A 

0 

Oi 

A  A 

4 

0  A 

A 

0 

n  «  n-  4  4  CM 

0  ^  lA 

ch  0  m 

9 

Oi 

lA 

fH 

<0 

0 

M> 

lA 

0>  9 

A 

4  in  <c  ch  0  O' 

m 

!*•  0  CM 

0 

A 

Oi 

4 

9 

4  <a 

Oi 

n* 

9 

0>  0  CH  4  0  4 

^  h* 

fH  CO  0 

00 

A 

A 

(^ 

0> 

o> 

0 

0  0 

0 

A  A  A  A  A  00 

in  in  in  m 

in  in  in 

lA 

A 

A 

A 

A 

A 

A 

9 

<0  9 

9 

9  9 

<0 

444444 

•  •  •  • 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

•  • 

• 

till 

1  1  • 

1 

1 

1 

1 

' 

1 

1 

1 

1  1 

1 

1  1 

1 

tA  tA  lA  «A 

lA  lA  lA 

M' 

4 

4 

4 

4 

4 

4 

4 

4  4 

4 

4  4 

4 

444444 

0000 

0  c  0 

0 

0 

0 

0 

0 

0 

0 

0 

0  0 

0 

0  0 

0 

000000 

«/) 


ui  ooooooooooooooooooooo 
Z  f^lM^M««40<30000(30000000 
^  •to«9i<»«oiOOi-o-90«M2in<oh>inini«>ao 
o<o<o4>Hr>‘^in>o>M(n(DOi4inooininO(> 

<  cMOOion-m^Oi^oienooicM-^ot^r-Nh-in 
Z  <«nc(^^•lnfn>gcM'^(^o>D•9l*^•^(^r>lncnpi«(^ 
0'4•^ooooo9l^••»cMOco>o«•^(^^>lnlno 

t  I  I  I  •  I  I  I  I  I  •  I  I  I  I  I  I  I  t  i  I 

»g»M»M«M«M»MCMCMC»imencncnincncrvinmincnm 

ooooooooooooooooooooo 

I 

a  ooooooooooooooooooooo 
ooooooooooooooooooooo 

<  ooooooooooooooooooooo 
T  oooooooocDino«aoinaD'«r>r>'40>cMO 
V9  0«'«ni'««inh>>4'ggocn4)Oi«OifMC»'0<09> 
M  0  9  '9ooi«oo>'9g}h>9>o^cMfMinmfn(M«H 
in  o«n^  Ofn40i^O'4CMcnin4>n>iso>0'«iMin 

ini^CM^9>4>r>-^'rt^^^rH^^i-c^CMCMfMCM 


Ui  m  o  <o  in  CM 
X  o  OB  <o  m  01 
Ob  »<  to  in  » 
1^  ^  ^  ^  cn  ^ 
<  o  o>  O  01  O 
Z  r>-  ao  o  CM  m  ro 
O  0  0  0  0 


O) 


cn  cn  cn  CM  CM  cn 
o  o  o  o  o  o 

I 

K  m  o  o>  »  « 

CM  CM  CM  o>  r>» 

<  O  cn  «  M)  CM  o 

Z  9  ^  9  0  0 

O  «  (^  CM  o  CM  r» 

•«  fM  4)  PX  ^  CO  O 

I/)  cn  CO  r*  ♦ 

CM  "» <>  n> 

I 


OOOOCCOOOOOOCCOCOOOOO 


OOOCOOOOOOOOCCOOCOOOO 

OOOOOOOOOOOOOOOOOOOOO 

COOCOOOOOOOOOCOOOOOOO 

OOCOCOOOOCOOOCOOOOOOO 

ciiOcM«)<9r><ocM<o-«OiOCM«<00<oni«-oo 

«>r>r»«<o<oinin  0  0  ^cnc''CMCMCM*4<-<ooo 

CMCMCMCMCMCMCMCMCMCMCMCMCMCMIMCMCMCMCMCMCM 

cncncnc^c^c^c*icocncnccii^i^i*if^ccii»i^ffncncn 


00c  o  c  o 


o  u  o  o  c  o 

c  o  o  o  c  o 

o  c  o  o  o  o 

o  c  o  o  o  o 

O  Cl  o  o  o  o 

O  V  «  4  CM  o 

CM  F-l  M  ^ 

c*i  cci  1^1  cci  c^  cn 


144 


! 

c 

1 

AFWL-n-65-57 


o 

o 


o 

o 

o 

o 


o 

8 

o 

o 

n 

• 


o 

8 

■* 

<# 


o 
o 
o 

•  m 

I  ^ 


8  'S 


o 


o 

o 

o 

o 

o 

o 


o 

o 

p4 

P-4 

8^ 

^  ^  ^  p^ 

^4 

84 

84 

84  84  84  84 

84  p4  84 

84  84  84  84 

o 

r>j 

o  o 

o 

o 

o 

o  o  o  o 

o 

o 

o 

o 

o  o  o  o 

o  o  o 

o 

o  o 

o  o  o  o 

« 

• 

1  1 

1 

1 

1 

1  1  1  1 

1 

1 

1 

1 

till 

1  1  1 

1 

1  1 

III! 

•  • 

• 

• 

• 

•  »  •  » 

» 

• 

• 

• 

•  •  •  • 

•  •  • 

• 

•  • 

»  »  •  • 

• 

4 

ae 

lA  9 

o 

(A 

o 

■n  8  8 

8 

9 

p4 

8 

9  84  9  M 

0  8  8 

8 

at 

8  IM 

A|  CA  Al  ^ 

1 

N 

O'  -«  IM  O 

8 

8 

Aj 

8 

0  8  8  8 

m  o  A* 

lA 

fA  lA 

gp  8  B  n- 

«n 

u 

3 

O'  •» 

8 

(A 

h- 

>H  8  O  8 

A- 

84 

8 

9 

N  A  9  84 

8  r>  8 

OJ 

3 

(A  o 

8  m  O  8 

3 

o  m 

h* 

8 

•x  in  o  8 

o 

lA 

84 

8  0  8  9* 

lA  A-  84 

8 

8  O 

lA  ^  84 

Z 

^  «►■ 

rf> 

8 

AJ 

P»  8  O 

8 

CA 

9 

Ai  84  a> 

0  8  8 

CA 

(A  lA 

IM  O 

h- 

r-  « 

8 

A 

A 

#  1^  m  fA 

Al 

84 

84 

o 

O  <A  9 

8  r*  8 

8 

8  IM 

«  8  O  8 

o 

o 

O  O 

o 

o 

o 

o  o  o  o 

o 

o 

o 

o 

O  8  8  (^ 

Ok  >  Ok 

8 

8  8 

«  «  B  r> 

o 

fx 

A| 

AJ  <M  r>4  <M 

A# 

A| 

A4 

A| 

84  84  84 

84  84  84 

p4 

84  ^ 

84  84  ^  ^ 

O 

o 

• 

• 

•  • 

• 

• 

• 

•  •  •  • 

• 

• 

• 

• 

•  •  •  • 

•  •  • 

• 

•  • 

•  •  •  • 

1 

o 

8 

1  1 

1 

1 

1 

1  1  1  1 

1 

1 

1 

1 

till 

>  1  1 

1 

1  1 

1  1  t  1 

• 

• 

o 

o 

g 

o 

o 

o 

5 

o 

o 

•t 

lA 

lA 

A 

lA 

in  in  8  8 

«A 

A 

tA 

A 

8  in  8  8 

in  8  8 

A 

<A  lA 

CA  lA  4A  lA 

o 

o 

• 

o 

'0 

o  O 

o 

o 

o 

o  o  o  o 

o 

o 

o 

o 

o  o  o  o 

o  o  o 

o 

O  o  o  o  o  o 

o 

e 

o 

o 

o 

o 

o 

o 

«B 

e 

M 

•  » 

• 

• 

• 

•  »  •  • 

• 

• 

• 

• 

•  •  •  • 

•  •  • 

• 

»  • 

•  •  •  • 

o 

ni 

o 

IM 

N 

OOOOOOOOOOOOOOOOOOOOO 

Ai  9 

^  CM  84 

o 

m 

o 

• 

• 

< 

^  m  9  ^  r<* 

^<90^ 

8-4 

84 

8 

84 

^AAIMAAjfV9 

< 

«M  8 

CM  ^  CM  9 

O' 

<# 

o 

X 

nj  IM  nj  m  4 

8r>0ni88'480'88m8808 

X 

A  ^  (A  O  9  ^ 

• 

• 

o 

19 

fM 

o 

r*>  o  cA  9 

0'niinO'fM-18>M88rM80'fM80'n 

19 

9 

9  A*  CM 

1 

(l> 

oe 

M 

M 

9  9  9  A*  f**  ^ 

9  9  CA 

8 

8« 

84 

ni  84  0)  lA 

M 

•M 

u 

m 

^  ^  ^  ^ 

^4 

84 

84 

84 

^  84  8  1  84 

84  84  84 

84 

8 

9  84  ni  9  9  9 

3 

< 

• 

OOOOOOOOOOOOOOOOOOOOO 

o 

CA  ^  A  ^ 

Z 

< 

p>4 

84  84  p4  84 

84 

84 

84 

p4 

84  ^  84  ^ 

84  84  ^ 

84 

8  9 

0 

3 

o 

« 

t  • 

• 

• 

• 

•  •  •  • 

• 

• 

• 

• 

•  •  •  • 

•  •  • 

• 

•  • 

•  •  •  • 

z 

1 

o 

1  1 

1 

1 

1 

till 

1 

» 

1 

• 

till 

•  1  1 

1 

O 

M 

» 

O 

o 

o 

• 

1 

h- 

o 

M 

i>iAiAil>(AiAiAil>iAiA«l\tr>iA 

AAAAAAAA 

8  8 

8  8  8  8 

• 

m 

o 

o 

OOOOOOOOOOOOOOOOOOOOO 

O  o  o  o  o  o 

o 

o 

o 

o 

< 

« 

o 

o 

• 

o 

« 

•>  • 

• 

• 

• 

•  •  •  • 

• 

• 

• 

• 

•  •  •  • 

•  4  • 

• 

H- 

•  • 

•  •  •  • 

19 


•* 

8 

cn 


ooooooooooooooooooooo 

o>«0>m«n<o-*P‘N'«<oiiir»i(i<ery»i*>ON«p 

om<04Q*4«f'«o«N«r«»fviiir»oiMtfi«oom 

00000000000»0>0«»Ch»»9>»0« 


ui  <o  m  «  o 
X  p»  O  <0  «<1 
»-  «  K  ca  ^  iM  9> 
^  ^  ^  ^  ^ 
«  »  N  m  g> 
X  f*"  ^  h*  O'  ^ 
O  4  <0  rfi 't  <*l  Cl 


iH 

M 

• 

u 

8 

3 

< 

m 

Z 

< 

UJ 

o 

1 

A* 

• 

O 

P* 

8 

p4 

o 

9 

O 

O 

o 

o 

• 

O 

o 

A 

» 

• 

• 

o 

0* 

• 

IM 

« 

o 

O 

o 

o 

84 

9 

o 

o 

O 

o 

o 

9 

1 

< 

o 

o 

o 

o 

P 

• 

X 

o 

o 

o 

p- 

r* 

O 

8 

19 

o 

o 

o 

• 

8< 

A 

8 

•p 

o 

o 

o 

i 

M 

A- 

8 

8 

8 

o 

IM 

< 

• 

fM 

IM 

IM 

8 

p* 

O 

• 

• 

• 

UJ 

CM 

• 

8 

X 

84 

1 

8 

IM 

IM 

o 

u 

CM 

8 

111 

19 

at 

o 

A* 

CD 

• 

1 

P" 

P* 

pn 

nj 

O 

9 

o 

o 

o 

o 

C 

1 

• 

o 

» 

» 

• 

» 

9 

• 

o 

8 

o 

o 

|A 

fM 

Z 

o 

o 

o 

P 

88 

M 

o 

P» 

o 

o 

9 

9 

8 

o 

8 

o 

o 

A* 

a: 

• 

o 

• 

o 

o 

O 

A 

p- 

IT 

Q 

o 

P» 

8 

o 

A 

9 

m 

Z 

8 

8 

fU 

8 

9 

1*5 

8 

IM 

8 

8 

• 

84 

-j 

Ui 

• 

• 

• 

• 

• 

< 

tn 

1 

1 

pp 

< 

pn 

pp 

at 

84 

X 

SJ 

UJ 

19 

at 

o 

u 

0 

< 

I  I  I  I  I  I  I  I  I  I  i  K  I  I  I  I  I  I  I  I  I 


OOOOOOOOOOOOOOOOOOOOO 


ooooooooooooooooooooo 
ooooooooooooooooooooo 
ooooooooooooooooooooo 
OOOOOOOOOOOOcON'^OiiX^inillO 
oO'4^«>^«oini*ip»oo^Mao^^<ooON 
38mo>  40inoiiio'<8'8<«0(Mi>i>409'0'« 
o<oo>ococor*-h*<oiOifioi-<fM(<i^o<o<or>ao 


oooc  oc.  cooooooocooocoo 


OOOOOrJOOOOOOOOOOCCCOO 

ooooooooooooooooooooo 
ooooococooooococcoooo 
OtAOoctrotnomotfioif'omo^otno 
">3lf>ifl4ID^O'84)infn«xOO'^-<0<90t-(  3 

tr\  fr\  tn  tr.  f  tr  r.  !»'«>• 


t/) 


«»'»»'  «>i  (M 

o  o  o  o  o  o 

I 


K  0‘  •*  <t\  fTi  0>  9> 
in  r>  m  o  m  in 
<  nj  «o  O'  n>  ni  (M 
X  m  lO  O'  o  O'  O' 
O  ^  r*  1^  o  m  in 
M  8  o  <n  in  r>  nj 
I/)  8  in  M  m 
^  ^  ^  n  ^ 


I 


o  o  o  o  c  c 


O  O  O  o  u  o 

o  c  o  o  o  o 

or  o  o  o  c  -  o  o 

o  o  c  o  o  c 

o  o  o  o  o 

o  (M  ^  <0  «C  C 

n<  M  O  O'  Ol  8 

IT  «*'  iri  (M  (V 


US 


» 


G1  •26T85714*  07  G2  •20000000*  06  AA1-. 14400000 *-02  AA2-.43200000 *-01 


An^-n-65-s7 


o 

o 


o 

o 

o 

o 

o 

o 

<o 

I 

« 

z 


<o 

o 


o 

o 

o 

o 

o 

o 

o 

(M 

• 

z 

u 

3 

O 

o 

• 

• 

o 

o 

o 

o 

p 

p 

• 

o 

o 

o 

o 

p 

« 

to 

IN 

o 

Al 

1>4 

o 

• 

• 

< 

o 

z 

o 

o 

M 

o 

41 

at 

mm 

« 

U 

«A 

s 

Al 

D 

O 

Z 

1 

O 

• 

o 

• 

A> 

o 

rsj 

O 

o 

«o 

o 

o 

4 

• 

p 

A- 

o 

o 

Ul 

p 

4 

o 

Z 

o 

4 

lA 

p 

• 

O' 

o 

1 

• 

< 

p 

IN 

r 

•A 

o 

o 

•N 

mm 

S 

V.; 

4 

M 

Ul 

O 

1 

• 

o 

O 

p 

o 

• 

o 

o 

« 

o 

O' 

• 

Al 

K 

o 

o 

fH 

o 

o 

o 

1 

< 

p 

o 

O' 

• 

Z 

p 

A- 

o 

lA 

O 

o 

• 

« 

o 

1 

fM 

r* 

Al 

in 

Al 

< 

• 

CM 

Al 

♦A 

►- 

o> 

• 

Ui 

• 

o 

X 

1 

lA 

o 

KJ 

et 

4 

« 

o 

o 

• 

1 

m 

o 

« 

o 

o 

o 

1 

m 

• 

• 

O 

o 

z 

O 

o 

o 

O 

o 

iO 

< 

O 

o 

r* 

mm 

a 

O 

o 

o 

m 

►- 

OC 

MX 

o 

»A 

SN 

<e 

Q 

lA 

4 

• 

mm 

-1 

• 

• 

• 

< 

1 

1 

M 

ac 

X 

ee 

o 

u 

e 

< 

o  o 

o  o 

o 

o 

o  o  o 

o  o  o  o  o 

o  o 

o  u  o  o  o 

O 

o 

O 

O 

o  o 

1  I 

1  1 

1 

1 

1  1  1 

1  1  1 

1 

1 

1  1 

1  1  1  1  1 

1 

• 

1 

1 

1 

1 

* 

»  »  * 

•  »  • 

• 

• 

•  • 

•  »  •  •  • 

• 

• 

• 

• 

• 

• 

4  a) 

o  ^ 

•A  O  ^  ^ 

O'  9  .A 

4 

o  -1  o 

lA  .J  o  O  ® 

X 

•0 

(A 

s 

4 

'O 

o 

IS 

rs>  O  lA 

«A 

0-^0 

IN  lA  O  4  4 

4 

4 

lA 

rM 

«A 

> 

4 

4^  CD  >A  ^ 

K 

iM 

•t 

®  ^  4  4  ® 

3 

9 

4 

4 

4 

A- 

4 

-t 

ro 

in 

*-«  9  «A 

4^  9  9 

A* 

4  O 

9  O  A  ^ 

4 

O' 

pm 

^  o 

v  *0  ^  Q  9 

o  o  ^ 

Al  CA  lO 

4 

lA  9 

9  9  O' 

O' 

4 

(A 

mm 

9 

«A 

M  ^ 

O  3^ 

ao 

9  ^ 

4  lA  -N 

O 

>  9 

r»  N>  A  4  <A 

lA 

O' 

lA 

mm 

9 

Ai 

o  o  o  > 

o 

O' 

O'  O'  O' 

O'  ^ 

O' 

l> 

9  9 

9  9  9  9  9 

9 

r*- 

p» 

9 

4 

'M 

m4 

w  ^  ^ 

^  ^ 

m4  mm  mm  mm  mm 

mm 

mi 

^m 

1  1 

•  I 

t 

1 

1*  1  1 

1  i'  1* 

1 

1 

1  1 

1  1  1  1  t 

1 

1 

1 

1 

1 

1 

4  4 

4  4 

4 

4 

4  4  4 

4  4  4 

4 

4 

4  4 

4  4  4  4  4 

4 

4 

4 

4 

4 

4 

OOOOOOOOOOOOOOOOOOOOO 

O  P  P  P  o  o 

»  •  • 

o  o  o 

»  * 

o  o 

» 

o 

*  • 

o  o 

• 

O 

»  • 

O  O 

* 

O 

• 

O 

m 

O 

»  • 

O  o 

* 

O 

• 

o 

•  • 

OO 

• 

O 

o  o  o 

o  o 

o 

o  o 

o 

p  p 

o 

o 

o 

o  o 

o 

p 

pp 

p 

o  ^ 

M 

mm 

O'  4 

mm 

9  ^ 

4 

pte 

O' 

^  lA 

M 

fA 

5 

^  ^  ^ 

4  4 

9  ^ 

9 

O  9 

9 

4 

4  4 

A' 

O' 

IN  4 

mm 

9  (A  ^ 

sA 

(A  o 

9 

CM  O 

4 

M 

O' 

9  lA 

o 

A* 

A  M 

o 

O 

I*' 

lA 

4  vn 

lA 

4  4 

A- 

>o 

9 

O'  o 

mm 

mm 

N  lA 

4 

A- 

A-  A* 

A- 

p^ 

A- 

A*  A- 

P^ 

A- 

A^ 

s 

9 

9 

9  9 

9 

0I  I>  > 

O'  O' 

(A 

O'  O' 

O' 

O'  O' 

O' 

o> 

O'  O' 

O' 

O' 

O'  » 

O' 

•  •  • 

•  • 

• 

•  • 

• 

•  • 

• 

• 

• 

•  • 

• 

• 

•  • 

• 

1  1  1 

1  I 

1 

1  1 

1 

1  1 

1 

1 

1 

1  i 

1 

1 

1  1 

• 

«A  lA  lA 

tA  «A 

«A 

«A  lA 

lA 

lA  lA 

lA 

tA 

lA 

lA  lA 

A 

A 

A  A 

A 

o  o  o 

o  o 

o 

o  o 

O 

O  O 

O 

o 

o 

o  o 

o 

o 

o  o 

p 

OPOOOOOOOOOOOOOOOOOOO 

^  o  o  4  in  r> 

4  lA  4 

^  o 

9  ^ 

9  M  9  A 

9 

A>  9  ^  A  9  O' 

0'r>IA»Mris(NO4''4 

•A  A 

4  IN  9 

O  «  4  <A  O  A- 

4  — 

so  4 

A^ 

CA  O' 

4  O  m  O  lA  O  4 

Al  O  f- 

iAIAOM4IA<NO>4 

^  mm  9^ 

4  Al  O'  r»  4 

O  S  A> 

4iA4AIMOO'r« 

9  lA 

4IN«-iOO'r'4if> 

09<AOO(A<A(A(A99 

9  9 

9 

9  9 

9  A» 

r* 

A* 

Al  •-«  «-4 

mm  mm 

m4  pm 

pm 

m4  mm 

OH 

mm 

mm 

mm  mm 

•H 

mm 

m^  mm 

mm 

i  1  1 

•  1 

• 

1  1 

1 

1  • 

1 

1 

1 

1  1 

• 

1 

1  1 

1 

M  •  •  •  •  •  • 

^  M  o>  in 

<  fM  o>  o  <D  <n  K> 

Z  O  •#  lO  ii>  ^  <o 

O  ^  eo  in  ^ 
M  ^  IS  O  N  <*>  rx 

t/)  O  O  lO  f-a 

^  <n  •<>  rg  ni  nj 


«  4^  ^  ^  « 

o  o  o  o  o  o 


UJ 

z 


< 

z 

o 

mm 

0) 


m  <6  ^  4  *0  0 

O'  m  in  in  0^ 

4  m  lA  4  4>  lO 

m  •  o  o  • 

m  4  4  4  oj  « 

^  IN  r*  N  »i 

4  4  lA  m  fN  IN 

IN  fN  IN  IN  fN  ni 


»^(N»NiNfNiNiN««iAinmi»>t«%«n«nfr»«n»f»in«n«»> 

ooooooooooooooooooooo 

I 


i*>  in  m  m  IN  IN 

o  o  o  o  o  o 
I 


ooooooooooooooooooooo 
ooooooooooooooooooooo 
ooooooooooooooooooooo 
oooc  oooor'-'ocomooo^  ininooo 

C(^OlN^•ln<OC(^^>4■-•r~IN4<^IN4lf>4ln 
oinr^4iO<-«^<OOiAOinoi4iX>iNr»i-iinoim 
OlnOln•M•o^OlNmln4^«(^OlN('^ln4^•(^ 
4i-im4<Or>'  0>^i-i^i-4^^>-irNINININlNINlN 


oc  u  m  IN  r»  m 

m  o  o  i#> 

4  ^  in  o  4  4  m 

Z  lA  ao  o  o  o  in 

O  lA  IN  4  o  n*  lA 
M  m  s  >H  IN  o  lA 
I/)  O'  m  so  IN  At  lA 

nj  IN  <0 


OOOUOOOOOOCOOOOOCOCOO 


O  O  O  O  o  o 


OOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 
OOOOOOOOCOOOOOOOO  ^c>co 
OiAOiA04)OiAOAOiAOiAOiACiACAO 
O^iAINOA-  AINOr-AINOr-lAINCjr-iAAl.t 
^44  44<AOi'*IAININININ^i^>^a^CCCO 
nilNINININAtlNINININININININININAIAIINAlIN 
mi»iminmmi»‘i»'iriini»'miAinoi»'.  r'r'ii'i''.  m 


o  o  o  o  o  o 
o  o  o  o  o  c 
or  o  o  o  o  o  o 
o  o  o  o  o  c 
o  >  j  o  o  o  o 
O  IN  4  <0  so  O 
IN  U  0l  CD  so 
m  m  m  IN  At  IN 


14« 


* 


APm-n-65-s7 


a 

o 

o 

o 

» 

o 

• 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

IM 

a 

• 

• 

a 

1 

a 

m 

u 

r> 

z 

pH 

O 

o 

o 

pH 

o 

o 

• 

• 

1 

o 

a 

• 

• 

o 

o 

o 

o 

o 

o 

«n 

o 

o 

o 

a 

o 

o 

• 

o 

a 

o 

o 

o 

o 

o 

o 

o 

o 

a 

a 

o 

IM 

o 

IM 

IM 

o 

m 

o 

• 

• 

O' 

a 

o 

• 

• 

o 

o 

IM 

1 

m 

ae 

IM 

IM 

IM 

m 

U 

3 

< 

• 

z 

< 

IM 

3 

o 

a 

Z 

1 

o 

o 

IM 

• 

o 

O 

o 

• 

1 

f» 

o 

IM 

• 

• 

O 

o 

a 

o 

o 

o 

o 

o 

o 

• 

o 

a 

o 

o 

o 

o 

a 

s 

s 

8 

i 

8 

o 

a 

o 

• 

o 

a 

o 

1 

• 

m 

pH 

o 

IM 

• 

• 

a 

o 

m 

1 

pH 

004 

pH 

pH 

• 

u 

3 

< 

IM 

Z 

< 

w 

O 

1 

• 

a 

a 

pH 

O 

O 

O 

O 

o 

• 

o 

o 

•n 

• 

• 

p 

e 

• 

IM 

O 

o 

O 

o 

O 

o 

p 

o 

o 

1 

o 

Q 

o 

o 

p 

o 

o 

o 

O 

a 

o 

o 

o 

• 

m 

IM 

o 

o 

o 

1 

CM 

O 

a 

o 

•M 

< 

• 

CM 

m 

pH 

•M 

m 

a4 

r* 

• 

• 

• 

UJ 

CM 

• 

m 

z 

1 

pH 

IM 

IM 

o 

►- 

U 

CM 

a 

ki 

O 

ec 

o 

fi 

• 

1 

r* 

r» 

pH 

IM 

o 

o 

O 

o 

o 

O 

1 

• 

IM 

• 

• 

• 

• 

• 

o 

a 

o 

o 

CM 

z 

o 

pH 

o 

o 

o 

PH 

o 

r* 

o 

o 

iO 

< 

o 

a 

o 

o 

*i4 

K 

• 

o 

a 

o 

o 

o 

cr> 

K 

O 

o 

r- 

a 

o 

c^ 

a 

Z 

m 

a 

IM 

a 

o 

a 

IM  , 

m 

a 

• 

-j 

w 

• 

• 

• 

• 

• 

< 

a 

1 

1 

PH 

< 

pH 

pH 

pH 

ae 

«i4 

K 

u 

Ul 

o 

oe 

o 

u 

CD 

< 

ooooooooooooooooooooo 

I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

3r^iArg«i<Nooi-«<^<or^r»  OfM^# 

•»mi>iookr>  <o^oio 

ao<0•Al•\>^40«>^‘lA'#rv^(^ao*OAr'^lMO(^r« 

<^(^o«OkO«(^«eoooa>flOcor-'^-^^>r•^>r«<0<0 


o  o  o 

I  I  I 

•  •  • 

30  «  « 

10  m 
<0  r“  » 
o  o>  in 

« (M 
f-  30 

<0  -0  m 


oo  o 
I  I  I 
•  •  • 

O  30 
«r*-  in 
<o  v  <n 
30  ^  «n 
pH  in  ^ 
•»  O'  •» 
m  ^ 


I  I  I  I  I 


I  I  I  I  I  I  I  I  I  •  I 


-t  -t  ■* ’t  ■*  -t 

ooooooooooooooooooooo  oooooo 

ISl****** 

ooooooooooooooooooooo  OihO'OO'# 

<  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  o  o  O  O  <<0m4N9>O' 

Z<n(nr^(M(i.  inmmtor^O'inaDmin'Hnjoor'^  Xciooo^O' 

o<0'40'^'#<f^cDP>0'<noo'rHinn(FH(Mr>«n<n  v9«<tpHOino 

MO'OO^Mmb'>4><oom4>s(>jy%0'<nh>pHOp-«  Minr^O^^Nm 

i/)rft^aoO'OiHfM<vi^«r>iDO''H«MminiO«o^  i/tr-moonioo 

0000•-••pp■lHpHlH•-•■H•-t■p<(^in4(^J^g(^i^JNf•\  OOOO'O'CO 

O'O'9'O'O'O'O'O  (^(^(^0'(^(^<^r•'0'0>0'(^0  r^N(NpHp-ii-l 

•  ••••••••••••••••••••  •••••• 

•  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  •  I  I  I  I 


ininininininininiAinininininininininininin  •t  ^  •t  ^  ^  ■t 

ooooooooooooooooooooo  oooooo 

<  < 


UJOOOOOOOOOOOOOOOOOOOOO 
Z0><noQ4QO4  r'O'Hin'HmooinofMOino' 
^minmoinO'HrpO'hppHOininpHmom^in# 
NpHinopH#in*»cD0'OO0'Oh>ininor»mo 
<«n.#^^inin^ininin«<4>««ininininin'##m 
ZNOOO'tntOO'O^NOOO'^NOnO^N 
00>o>«««««^r'>r>KrH«oo<OOtftin^in 

mpH^«Hh4«Hh4v«i>H*4iHpHiH»H>H*4pH«p«h«pHp4^ 

«/>••••••••••••••••••••• 


I  I  I  t  I  I  I  I  •  t  I  I  I  I  I  I  I  I  I  I  I 


ui  in  r>  «  >#  m  30 
Z  o  o  O'  r*  m  00 
♦  (M  r»  *  in  m 
O'  r*  rj  r»  ^  ^ 
<  o  m  PH  r^m  « 

Z  pH  0#  <0  »H  O 
v9  in  #  <0  «  ■#  <n 
•H  m  m  m  ^  ^  on 

tf)  •  •  •  •  •  • 


•H  «M  iM  rn  m  n  m  in  m  m  mm  m  m  m  m  m  «n  m  •*>  mmmmnim 
OOOOOOOOOOOOOOOOOOOOO  OOOOOO 
I  I 


ae  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  o  K'^ooo'Oph 
OOOOOOOOOOOOOOOOOOOOO  r'>r«'#(M0'^ 
<  O  O  O  O  O  O  O  O  O  p  p  O  O  O  O  O  p  O  O  P  O  <Mp4«00'^ 

X  O  O  O  O  O  o  ^  ^  m  o  O  •  •  •  m  •  »  o  O  o  m  X'HiH'tmr^pH 

Oom^mmoinp>’Vn-4omn««H«mr>o<*m  om<om<er>pH 

M  o  «  «  <o  «  m  r>  O' PH  m  in  4  a  o  o  o  M  M  M  m  PH  MpHNOompH 

m  o  m  o  <Mx  m  m  •  c  m  o  <c  •  »H  m  m  m  a -«  m  «/)mmr«aptpH 

a  iM  •»  a  O' pH  ^  ^  PH  N  N  n»  ni  m  m  m  m  m  m  O  a  m  ni  p40  p-i 


I 


ooooooooooooooooooooo  oooooo 

ooooooooooooooooooooo  oooooo 

«  o  o  O  O  C  O  O  O  O  P  o  o  o  o  o  o  o  o  c  o  o  acoooooo 
o o o o o o o o o o o c o o o o o o c o o  oooooo 

o  a  a  a  o  a  n*  a  a  o  a  ni  •  a  o  a  ni  •  a  n  oooooo 

a  n- a  a  a  m  m  a  a  a  m  m  iM  iM  iM  m  o  o  o  omaaao 

(Mi>t«MfMrMN(MnifvfMNiMr>inin<mnjnp«MfviM  nipHOOiaa 

mmmmmmmmmmmmmmmmmmmmm  mamNninj 


147 


iranoos  na  mas  blamc,  Tmcroii  mn  mm. 


AnPL-n-65-57 


ATFINDIX  I 

CALCUUTID  STRISSIS  FOR  VARIOUS 
TYPES  OP  SUBSTIATI  ORAPHITR 


NOTI:  Sm  Appandlx  P  for  doflnitiont  of  oyabolo  uood  in  Chit  Appendix. 


WtTIUUS  MOI  MAS  BLAlK.  VEMFOm  JKft  nXMD.  ' 


AnPL-Tt-6S-S7 

PHYSICAL  PROPERTIES  INPUT 
Pyrolytic  Graphite:* 


Molded  Substrate 
(ATJ) :** 


High  Density 
Substrate  (ZTA):** 


APPENDIX  E 


DATA 

Young's  Modulus 
Young's  Modulus 
Poisson's  Ratio 
Poisson's  Ratio 
Poisson's  Ratio 
Shear  Modulus 
Shear  Modulus 
Total  Thermal  Expansion 
Total  Thermal  Expansion 

Young's  Modulus 
Poisson's  Ratio 
Total  Thermal  Expansion 
Total  Thermal  Expansion 

Young's  Modulus 
Poisson's  Ratio 
Total  Thermal  Expansion 
Total  Thanaal  Expansion 


E 

a 

3 

4.5  X  10^  psi 

E 

c 

3 

1.5  X  10^  psi 

'’ac 

S 

0.90 

'^ca 

S 

0.30 

'^aa 

m 

-0.16 

G 

a 

B 

0.2  X  10^  psi 

G 

c 

3 

2.68  X  10^  psi 

a  AT 

a 

- 

-0.0049  in/ in 

Of  AT 
c 

s 

-0.0500  in/ in 

E 

s 

1.18  X  10^  psi 

u 

B 

0.35 

Of  AT 

a 

s 

-0.00772  in/ in 

or  At 
c 

- 

-0.01029  in/ in 

E 

3 

2.09  X  10^  psi 

u 

- 

0.35 

Of  AT 

a 

- 

-0.00587  in/ in 

or  At 

-0.01827  in/ in 

c 
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APPENDIX  E  (continued) 


Molded  Fibrous 
Substrate  (PI-0114):** 


Extruded  Substrate 
(Speer  580) : 


Young's  Modulus 
Poisson's  Ratio 
Total  Thermal  Expansion 
Totsl  Thermal  Expansion 

Young's  Modulus 
Poisson's  Ratio 
Total  Thermal  Expansion 
Total  Thermal  Expansion 


E 

■ 

0.30  X  10®  psi 

U 

■ 

0.35 

cr  AT 

a 

m 

-0.00528  In/ In 

or  AT 
c 

■ 

-0.00714  In/ In 

E 

■ 

1.5  X  10®  psl 

u 

m 

0.35 

a  AT 

a 

9 

-0.0005  In/ In 

AT 

9 

-0.008  In/ In 

c 


*  Raferances  7  and  8. 
**  Reference  11. 

***  Reference  10. 
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APPENDIX  F 

NoaencUture  for  Cooputer  Print-Out  Shoots 


1.  Pyrolytic  Grophito  Properties 


El 

B2 

NUl 

NII2 

NU3 

G1 

G2 

AAl 

AA2 

Cll 

C12 

C13 

C22 

G44 

B1 

B2 


•  Young's  nodulus,  s-diroction,  for  pyrolytic  grophito,  psi 

•  Young's  nodulus,  c-diroction,  for  pyrolytic  grophito,  psi 

•  Poisson's  rotio,  c-o  diroction,  for  pyrolytic  grophitc 

•  Poisson's  rotio,  o-c  dimction,  for  pyrolytic  grophito 

•  Poisson's  rotio,  o-o  diroction,  for  pyrolytic  grophito 

•  Shoor  nodulus  in  c-diroction  in  pyrolytic  grophito,  psi 

•  Shoor  snduluo  in  o-diroction  pyrolytic  grophito,  psi 

-  Total  thonool  oxponsion  in  o-diroction  in  pyrolytic  grophito, 

-  Totol  thomol  exponsion  in  c-diroction  in  pyrolytic  grophito. 


inch/ inch 
inch/ inch 


y  Dorivod  olootic  constonto  bosod  on  property  input  (teforoneo  1) 


2.  Subotroto  Properties 

g  •  Young's  BK>dulus  for  substroto,  psi 
NU  -  Poioson's  rotio  for  substroto 

Gt  •  Totol  thorsMl  oxponsion  in  rodiol  diroction  for  substrate,  inch/inch 
G  THBIA  •  Tbtol  themsl  exponsion  in  hoop  direction  for  substrata,  inch/inch 
GZ  •  Totol  thomol  oxponsion  in  oxiol  diroction  for  substroto,  inch/inch 

3.  Disionsions 


BI  -  Xadius  ot  froo  surface  of  pyrolytic  graphite  coating,  inch 
10  •  lodius  ot  coating  -  substroto  interface,  inch 
16  •  lodius  ot  free  surface  of  substrate,  inch 

4.  Output  Data 

1  •  Local  radius,  inch 
SIGMA  t  •  lodial  stress,  psi 
SIGMA  THETA  -  Hoop  stress,  psi 
SIGMA  Z  •  Axial  stress,  psi 
Ut  •  lodial  displacasMnt,  inch 
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fWnCDS  FiOl  MAS  BUIK.  TSFDOn  Wt  FIXJBD. 


INTRODUCTION 

During  the  program  datcribed  In  the  main  body  of  this  report,  five 
aubscale  and  four  fullscale  pyrolytic  graphite  coated  nossles  were  motor  tested 
with  an  advanced  high  performance  propellant.  These  firing  tests  daaonstrated 
that  nossles  of  useful  slse  coated  with  pyrolytic  graphite  can  provide  good 
performance  under  severe  service  conditions.  Although  feasibility  »/SS  clearly 
demonstrated  for  pyrolytic  graphite  coated  nossles,  further  vork  ismalns  to  be 
carried  out  In  several  areas  to  fully  exploit  the  capabilities  of  this  unique, 
lightweight  nossle  design.  Optimisation  of  the  coatlng'substrata  composite 
for  maximum  erosion  resistance  la  needed.  One  of  the  facets  of  particular 
Interest  Is  an  Investigation  of  the  restart  capability  of  pyrolytic  graphite 
coatings . 


Restart  capability  Is  of  such  current  Interest  that  Atlantic  Research 
Corporation  raquested  the  permission  of  the  Air  Force  to  Include  an  additional 
firing  teat  In  the  currant  program  In  which  a  subscale  nossle  would  be  re*flred 
In  a  second  test.  Permission  was  granted  for  this  restart  test  and  this  ad* 
dandum  documents  the  successful  completion  of  this  additional  task. 
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RESULTS 

Th«  pyrolytic  graphite  coated  Inaart  selected  for  the  restart  test 
was  the  insert  first  tested  in  firing  IPb*6.  In  this  first  test  an  erosion 
rate  of  0.64  adl/sec  was  sMSSurad  for  a  firing  duration  of  37.3  seconds  at  an 
average  aotor  pressure  of  530  psi.  The  insert  appeared  to  be  in  good  shape 
following  the  first  teat  and  nlcroacopic  exaaination  ravaalod  no  delaadnation 
flaws  before  or  after  firing  lFb*6.  The  coating  on  this  insert  wes  the  first 
prepared  on  the  fibrous  graphite  type  of  substrate.  Careful  Microscopic 
sxsidnation  of  the  surface  of  the  once-tested  coating  indicated  areas  of 
surface  roughness  related  no  doubt  to  the  fact  that  the  coating  quality  had 
not  been  optiaised  for  this  systesi.  A  close-up  photograph  of  the  coated 
insert  after  firing  SPb-6  and  prior  to  the  restart  test  (firing  EPb-10)  is 
shown  in  Figure  34.  Nevsrthalass,  it  wes  concluded  that  this  insert  was 
suitable  for  studying  the  restart  behavior  of  a  pyrolytic  graphite  coating.  (C) 

The  onca-tasted  insert  was  asssablad  into  the  standard  subscala  nossla 
unit  (see  Figure  IS) .  The  ATJ  graphite  end  edge-orlsntsd  pyrolytic  graphite 
entrance  pieces  were  also  rs-used  froa  firing  lFb-6.  Thus,  the  entire  nossla 
contour  froa  an  upstreaa  area  ratio  of  about  six  through  the  throat  region  was 
aads  up  of  coeponents  which  ware  undergoing  restart  operation.  Several  of  the 
back-up  and  insulation  coeponsnta  were  r^laced  only  because  of  aechanical 
daeags  during  dlsassaably  after  firing  EFb-6  and  before  plans  were  aade  for 
the  restart  teat.  Overall,  than,  the  restart  test  was  a  good  test  of  all  the 
critical  coeponents  of  a  pyrolytic  graphite  coated  nossle.  (U) 

The  restart  test  was  firing  IFb-10  and  consisted  of  a  15.1-second 
duration  teat  et  an  averaga  eotor  pressure  of  532  pels  with  6550*F  propellant 
(APO-112) .  The  firing  was  a  coeplete  success  with  an  average  erosion  rate 
based  on  before  and  after  test  aeaeurasKmts  of  the  throat  diaaeter  of  0.53 
all/ssc.  The  throat  was  soaswhet  oval  after  the  first  firing  with  a  difference 
in  the  ■exisHai  and  ■iniaus  diaeeters  of  some  20  ell.  After  the  second  firing 
the  ovalness  was  still  the  sees  which  indicates  no  further  selective  erosion. 
The  eotor  pressure-tiae  trace  for  the  restart  firing  IPb-10  is  shown  in  Figure 
35.  A  close-up  oblique  view  of  the  nossle  throat  rigion  looking  froa  the 
entrance  end  is  shown  in  Figure  36.  (C) 

Microscopic  exaaination  of  the  polished  cross  section  of  the  coating 
after  its  second  test  revsalsd  no  change  in  structure  and  no  delaaination 
flaws.  Thus,  no  degradation  of  the  coating  quality  was  visible  after  either 
one  or  two  firing  cycles.  The  reaaining  costing  thickness  at  the  edge  of  the 
coated  section,  where  it  was  thinnest  initially,  appears  insufficient  to  allow 
further  testing,  but  the  cuaulative  firing  tiae  on  this  insert  is  already  52.4 
seconds.  (U) 

The  erosion  rate  observed  in  the  second  firing  was  soaewhat  lower 
than  in  the  first  test.  However,  if  an  induction  period  of  only  about  two 
seconds  prior  to  the  onset  of  eroaion  were  essuaed,  the  erosion  data  would 
be  coaparable.  It  is  indicated,  therefore,  that  the  rapid  heating  of  the 
coating  surface  preducted  by  therael  analysis  is  consistent  with  the  experi- 
aental  date.  (U) 
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Figure  35.  Motor  Pressure  Trace  for  Firing  Sub-scale  Number  6. 
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Figure  36.  Cloee-Up  Oblique  View  of  Nozzle  (from  Entrance) 
after  Reztart  Teit. 
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COMCLOSIOMt 

Th«  rMults  of  tho  vork  dMcrlbod  in  tho  Min  body  of  thlo  roport 
dMonstrntod  that  pyrolytic  graphito  coating!  which  ara  froo  of  dalaaination 
flawa  can  pxovido  good  noitla  parfoiMnca.  A  lacond  firing  toat  of  ona  coatad 
inaort  daaeribod  in  this  addondua  doaonatratad  that  auch  a  noaalo  can  with- 
ataad  raatart  aarrica  conditiona.  Tho  coaplato  criteria  for  auitabla  raatart 
porfbnaanca  and  tha  duty  cycla  liaitationa  could  not  bo  dafinad  by  a  ainglo 
toat,  but  tho  auccaaaful  parforMneo  of  tha  inaart  in  two  firinga  provaa  that 
pyrolytic  graphito  coatad  noaaloa  ara  good  candidataa  for  raatart  operation. 
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Pyrolytic  graphite  coatlnga  have  baan  found  to  ba  highly  aroslon  raslatant 
under  savara  rocket  nosala  condition!.  The  objective  of  this  program  waa  to  dam- 
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flrlnga  at  700  pal  with  a  6550^  propellant.  Thla  objective  waa  accompllahad. 

Streaa  analyaea  and  thermal  analyaea  were  carried  out  In  aupport  of  the 
daalgn,  fabrication,  and  laotor  teatlng  of  nozalaa  of  both  1.1-lnch  and  2.3-lnch 
diameter.  Thermal  analyala  Indicated  the  potential  of  pyrolytic  graphite  coatlnga 
for  lightweight  nozzle  dealgna.  The  reaulta  of  the  atraaa  analyaea  for  coated 
compoaltea  were  correlated  with  experimental  evidence  of  delamlnatlon  cracking 
In  the  coatlnga.  Critical  rjtreaa  levela  were  Identified  for  both  radial  tenalon 
In  the  coating  and  axial  tenalon  In  the  aubatrate.  The  depoaltlon  proceaa  waa 
Improved  to  produce  crack- free  coatlnga  SO-mll- thick  on  conventional  graphite 
aubatratea  and  lOC^mll  thick  on  a  fabroua  graphite  aubatrate. 

Nine  motor  firing  teata  were  made  and  good  performance  waa  denonatrated  with 
both  dubacala  and  full-acale  nozzlea.  The  preaence  of  mlcroacoplcally.obaerved 
delamlnatlon  cracka  waa  found  to  deatroy  the  Integrity  of  pyrolytic  graphite  coat¬ 
lnga  during  nozzle  aervlce.  For  coatlnga  without  major  cracka  coating  Integrity 
was  achieved,  however,  and  eroalon  ratea  of  acceptable  magnitude  were  meaaurod  for 
aubacale  nozzlea  for  duration!  up  to  about  40  aeconda.  In  full-acale  nozzlea 
aatlafactory  eroalon  ratea  were  meaaured  for  flrli«a  of  duratlona  up  to  60  aeconda. 
Optimization  of  the  coating  to  provide  minimum  eroalon  ratea  ahould  reault  In  a  till 
further  performAnce  Improvement  a. 
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